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Mto1 recruits !-tubulin to the sites of cytoplasmic microtubule nucleation in the 
fission yeast Schizosaccharomyces pombe. The regulation of Mto1 localisation is 
central to re-modelling of the microtubule cytoskeleton during the cell cycle. This 
thesis describes how Mto1 is recruited to the cell equator during mitosis, thereby 
establishing the equatorial microtubule nucleation centre (eMTOC).  
 
F-actin is found to be required for Mto1 localisation to the cell equator and Mto1 is 
shown to co-localise with the cytokinetic actin ring (CAR). Yeast 2-hybrid screening 
and tandem-affinity purification were used to screen for additional proteins required 
for Mto1 localisation to the equator. Further candidate screening identified Myp2, a 
type II myosin present in the CAR, as being required for Mto1 localisation to the cell 
equator. Myp2 is shown to physically interact with Mto1 and to be required for 
formation of the post-anaphase microtubule array.  
 
The regulation of Mto1 localisation to the cell equator was also studied. Time-lapse 
microscopy reveals that Mto1 localisation to the equator does not require either the 
anaphase-promoting complex or the septation initiation network, both of which have 
been previously shown to be necessary for the recruitment of !-tubulin to the 
eMTOC.  
   
Maintenance of the equatorial CAR has previously been attributed to the post-
anaphase array. The position of the CAR in the mto1-427 mutant strain, which fails 
 v 
to nucleate a PAA, is shown to be unaltered from wild-type strain during exponential 
growth, suggesting that the PAA does not centre the CAR during normal growth. 
 
 vi 
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Movie 2 Deconvolved time-lapse wide-field microscopy of live myp2!:kanMx 
nmt81:GFP-atb2 cells. Arrow indicates the cell equator after mitotic spindle 
breakdown; the PAA is not seen. Images acquired every 30 seconds; total time 
compression 300!.  
 
Mto1 localisation in APC mutant strains 
Movie 3 Time-lapse confocal microscopy of wild-type nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry cells; single cell montage. Left to right: colour combine; red 
channel: Rlc1-mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green 
channel: nmt41:GFP-Mto1. Mto1 localises to the equator following nuclear division, 
co-localising with the CAR. Mto1 continues to co-localise with the CAR during 
CAR contraction. Images acquired every 60 seconds from 2 hr 06 min at 36 !C; 
duration: 36 min. Total time compression 600!.  
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Movie 4 Time-lapse confocal microscopy of wild-type nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry cells; full field. Colour combine: red channel showing Rlc1-
mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel 
showing nmt41:GFP-Mto1. Images acquired every 60 seconds from 2 hr 06 min at 
36 !C; duration: 36 min. Total time compression 600!.  
 
Movie 5 Time-lapse confocal microscopy of cut4.533 nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry cells; single cell montage. Left to right: colour combine; red 
channel: Rlc1-mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green 
channel: nmt41:GFP-Mto1. Mto1 localises to the equator in the mononucleate cell, 
co-localising with the CAR. Mto1 continues to co-localise with the CAR as the CAR 
contracts, cutting the nucleus. Images acquired every 60 seconds from 2 hrs at 36 !C; 
duration: 35 min. Total time compression 600!.  
 
Movie 6 Time-lapse confocal microscopy of cut4.533 nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry cells; full field. Colour combine: red channel showing Rlc1-
mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel 
showing nmt41:GFP-Mto1. Images acquired every 60 seconds from 2 hrs at 36 !C; 
duration: 35 min. Total time compression 600!. 
 
Movie 7 Time-lapse confocal microscopy of wild-type nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry; single cell montage. Left to right: colour combine; red 
channel: Rlc1-mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green 
channel: nmt41:GFP-Mto1. Mto1 localises to the equator following nuclear division, 
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co-localising with the CAR. Mto1 continues to co-localise with the CAR during 
CAR contraction. Images acquired every 60 seconds from 3 hr 20 min at 36 !C; 
duration: 63 min. Total time compression 600!. 
 
Movie 8 Time-lapse confocal microscopy of wild-type nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry; full field. Colour combine: red channel showing Rlc1-
mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel 
showing nmt41:GFP-Mto1. Images acquired every 60 seconds from 3 hr 20 min at 
36 !C; duration: 63 min. Total time compression 600!.  
 
Movie 9 Time-lapse confocal microscopy of cut4.533 nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry; single cell montage. Left to right: colour combine; red 
channel: Rlc1-mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green 
channel: nmt41:GFP-Mto1. Mto1 localises to the equator in the mononucleate cell, 
co-localising with the CAR. Mto1 continues to co-localise with the CAR as the CAR 
contracts, producing one mononucleate and one anucleate cell. Images acquired 
every 60 seconds from 3 hr 08 min at 36 !C; duration: 40 min. Total time 
compression 600!. 
 
Movie 10 Time-lapse confocal microscopy of cut4.533 nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry; full field. Colour combine: red channel showing Rlc1-
mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel 
showing nmt41:GFP-Mto1. Images acquired every 60 seconds from 3 hr 08 min at 
36 !C; duration: 52 min. Total time compression 600!. 
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Movie 11 Time-lapse confocal microscopy of cut8.563 nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry; single cell montage. Left to right: colour combine; red 
channel: Rlc1-mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green 
channel: nmt41:GFP-Mto1. Mto1 localises to the equator in the mononucleate cell, 
co-localising with the CAR. Mto1 continues to co-localise with the CAR as the CAR 
contracts, cutting the cell. Images acquired every 60 seconds from 3 hr 12 min at 36 
!C; duration: 40 min. Total time compression 600!. 
 
Movie 12 Time-lapse confocal microscopy of cut8.563 nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry; full field. Colour combine: red channel showing Rlc1-
mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel 
showing nmt41:GFP-Mto1. Images acquired every 60 seconds from 3 hr 12 min at 
36 !C; duration: 70 min. Total time compression 600!. 
 
Movie 13 Time-lapse confocal microscopy of cut9.665 nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry; single cell montage. Left to right: colour combine; red 
channel: Rlc1-mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green 
channel: nmt41:GFP-Mto1. Mto1 localises to the equator in the mononucleate cell, 
co-localising with the CAR. Mto1 continues to co-localise with the CAR as the CAR 
contracts, cutting the cell. Images acquired every 60 seconds from 3 hr 19 min at 36 
!C; duration: 50 min. Total time compression 600!. 
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Movie 14 Time-lapse confocal microscopy of cut9.665 nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry; full field. Colour combine: red channel showing Rlc1-
mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel 
showing nmt41:GFP-Mto1. Images acquired every 60 seconds from 3 hr 19 min at 
36 !C; duration: 53 min. Total time compression 600!. 
 
PAA formation in APC mutant strains 
Movie 15 Time-lapse confocal microscopy of cut4.533 rlc1-mCherry uch2-mCherry 
SV40:GFP-atb2; single cell montage. Left to right: colour combine; red channel: 
Rlc1-mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel: 
SV40:GFP-Mto1. The cell is mononucleate when the CAR contracts, but the mitotic 
spindle then elongates. Faint microtubules appear that span the horizontal axis of the 
cell. Images acquired every 30 seconds onwards from 3hr 10 min incubation at 36 
!C; duration: 37 min. Total time compression 300!. 
 
Movie 16 Time-lapse confocal microscopy of cut4.533 rlc1-mCherry uch2-mCherry 
SV40:GFP-atb2; full field. Colour combine: red channel showing Rlc1-mCherry 
(CAR marker) and Uch2-mCherry (nuclear marker); green channel: SV40:GFP-
Mto1. Images acquired every 30 seconds onwards from 3hr 10 min incubation at 36 
!C; duration: 37 min. Total time compression 300!. 
 
Movie 17 Time-lapse confocal microscopy of cut8.563 rlc1-mCherry uch2-mCherry 
SV40:GFP-atb2; single cell montage. Left to right: colour combine; red channel: 
Rlc1-mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel: 
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SV40:GFP-Mto1. The mitotic spindle elongates and the nucleus divides as the CAR 
contracts. Images acquired every 30 seconds onwards from 3hr 09 min incubation at 
36 !C; duration: 15 min. Total time compression 300!. 
 
Movie 18 Time-lapse confocal microscopy of cut8.563 rlc1-mCherry uch2-mCherry 
SV40:GFP-atb2; full field. Colour combine: red channel showing Rlc1-mCherry 
(CAR marker) and Uch2-mCherry (nuclear marker); green channel: SV40:GFP-
Mto1. Images acquired every 30 seconds onwards from 3hr 09 min incubation at 36 
!C; duration: 15 min. Total time compression 300!. 
 
Movie 19 Time-lapse confocal microscopy of cut9.665 rlc1-mCherry uch2-mCherry 
SV40:GFP-atb2; single cell montage. Left to right: colour combine; red channel: 
Rlc1-mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel: 
SV40:GFP-Mto1. After an extended metaphase, the mitotic spindle elongates as the 
CAR contracts, cutting the nucleus. Microtubule nucleation is seen from the CAR. 
Images acquired every 30 seconds onwards from 3 hr 15 min incubation at 36 !C; 
duration: 40 min. Total time compression 300!. 
 
Movie 20 Time-lapse confocal microscopy of cut9.665 rlc1-mCherry uch2-mCherry 
SV40:GFP-atb2; full field. Colour combine: red channel showing Rlc1-mCherry 
(CAR marker) and Uch2-mCherry (nuclear marker); green channel: SV40:GFP-
Mto1. Images acquired every 30 seconds onwards from 3 hrs 15 min incubation at 36 
!C; duration: 40 min. Total time compression 300!. 
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Movie 21 Time-lapse confocal microscopy of rlc1-mCherry uch2-mCherry 
SV40:GFP-atb2; single cell montage. Left to right: colour combine; red channel: 
Rlc1-mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel: 
SV40:GFP-Mto1. The mitotic spindle elongates, the nucleus divides and the nuclei 
segregate to the cell ends. The left nucleus then moves back towards the CAR. 
Images acquired every 30 seconds onwards from 3hrs 13 min incubation at 36 !C; 
duration: 30 min. Total time compression 300!. 
 
Movie 22 Time-lapse confocal microscopy of rlc1-mCherry uch2-mCherry 
SV40:GFP-atb2; single cell montage. Left to right: colour combine; red channel: 
Rlc1-mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel: 
SV40:GFP-Mto1. The right nucleus passes through the CAR (arrow). Images 
acquired every 30 seconds onwards from 3hrs 13 min incubation at 36 !C; duration: 
30 min. Total time compression 300!.  
 
Movie 23 Time-lapse confocal microscopy of rlc1-mCherry uch2-mCherry 
SV40:GFP-atb2; full field. Colour combine: red channel showing Rlc1-mCherry 
(CAR marker) and Uch2-mCherry (nuclear marker); green channel: SV40:GFP-
Mto1. Images acquired every 30 seconds onwards from 3hrs 13 min incubation at 36 
!C; duration: 30 min. Total time compression 300!. 
 
PAA formation in SIN mutant strains 
Movie 24 Time-lapse confocal microscopy of sid4-SA1 nmt81:GFP-atb2 at the 
permissive temperature; single cell. PAA nucleation begins immediately before 
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mitotic spindle breakdown and continues as the cell divides. Images acquired every 
30 seconds at 25!C; duration: 38 min. Total time compression 300!. 
 
Movie 25 Time-lapse confocal microscopy of sid4-SA1 nmt81:GFP-atb2 at the 
permissive temperature; full field. Images acquired every 30 seconds at 25!C; 
duration: 38 min. Total time compression 300!. 
 
Movie 26 Time-lapse confocal microscopy of cdc11-123 nmt81:GFP-atb2 at the 
permissive temperature; single cell. PAA nucleation begins prior to mitotic spindle 
breakdown and continues as the cell divides. Images acquired every 30 seconds at 
25!C; duration: 63 min. Total time compression 300!. 
 
Movie 27 Time-lapse confocal microscopy of cdc11-123 nmt81:GFP-atb2 at the 
permissive temperature; full field. Images acquired every 30 seconds at 25!C; 
duration: 63 min. Total time compression 300!. 
 
Movie 28 Time-lapse confocal microscopy of cdc7-24 nmt81:GFP-atb2 at the 
permissive temperature; single cell. PAA nucleation begins immediately before 
mitotic spindle breakdown and continues as the cell divides. Images acquired every 
30 seconds at 25!C; duration: 63 min. Total time compression 300!. 
 
Movie 29 Time-lapse confocal microscopy of cdc7-24 nmt81:GFP-atb2 at the 
permissive temperature; full field. Images acquired every 30 seconds at 25!C; 
duration: 63 min. Total time compression 300!. 
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Movie 30 Time-lapse confocal microscopy of nmt81:GFP-atb2 at the restrictive 
temperature; single cell. The PAA is present but nucleation is delayed until septum 
formation. Images acquired every 30 seconds from 2 hr 55 min at 36.5 !C; duration: 
49.5 min. Total time compression 300!. 
 
Movie 31 Time-lapse confocal microscopy of nmt81:GFP-atb2 at the restrictive 
temperature; full field. Images acquired every 30 seconds from 2 hr 55 min at 36.5 
!C; duration: 49.5 min. Total time compression 300!. 
 
Movie 32 Time-lapse confocal microscopy of sid4-SA1 nmt81:GFP-atb2 at the 
restrictive temperature; single cell. The cell does not divide following mitotic spindle 
disassembly and the nuclei return to the cell centre. The PAA does not form. Images 
acquired every 30 seconds from 2 hr 17 min at 36.5 !C; duration: 74.5 min. Total 
time compression 300!. 
 
Movie 33 Time-lapse confocal microscopy of sid4-SA1 nmt81:GFP-atb2 at the 
restrictive temperature; full field. Images acquired every 30 seconds from 2hr 17 min 
at 36.5 !C; duration: 74.5 min. Total time compression 300!. 
 
Movie 34 Time-lapse confocal microscopy of cdc11-123 nmt81:GFP-atb2 at the 
restrictive temperature; single cell. The cell does not divide following mitotic spindle 
disassembly. The PAA does not form. Images acquired every 30 seconds from 2 hr 
35 min at 36.5 !C; duration: 45.5 min. Total time compression 300!. 
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Movie 35 Time-lapse confocal microscopy of cdc11-123 nmt81:GFP-atb2 at the 
restrictive temperature; full field. Images acquired every 30 seconds from 2 hr 35 
min at 36.5 !C; duration: 45.5 min. Total time compression 300!. 
 
Movie 36 Time-lapse confocal microscopy of cdc7-24 nmt81:GFP-atb2 at the 
restrictive temperature; single cell. The cell does not divide following mitotic spindle 
disassembly and the nuclei return to the cell centre. The PAA does not form. Images 
acquired every 30 seconds from 2 hr 17 at 36.5 !C; duration: 72.5 min. Total time 
compression 300!. 
 
Movie 37 Time-lapse confocal microscopy of cdc7-24 nmt81:GFP-atb2 at the 
restrictive temperature; full field. Images acquired every 30 seconds from 2 hr 17 at 
36.5 !C; duration: 72.5 min. Total time compression 300!. 
 
Mto1 localisation in SIN mutant strains 
Movie 38 Time-lapse confocal microscopy of nmt41:GFP-mto1 rlc1-mCherry uch2-
mCherry at the restrictive temperature; single cell montage. Left to right: colour 
combine; red channel: Rlc1-mCherry (CAR marker) and Uch2-mCherry (nuclear 
marker); green channel: nmt41:GFP-Mto1. Mto1 localises to the equator in the 
mononucleate cell, co-localising with the CAR. Mto1 continues to co-localise with 
the CAR as the CAR contracts. Images acquired every 60 seconds from 2 hr 08 min 
at 36.5 !C; duration: 71 min. Total time compression 600!. 
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Movie 39 Time-lapse confocal microscopy of wild-type nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry; full field. Colour combine: red channel showing Rlc1-
mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel 
showing nmt41:GFP-Mto1. Images acquired every 60 seconds from 2 hr 08 min at 
36.5 !C; duration: 71 min. Total time compression 600!. 
 
Movie 40 Time-lapse confocal microscopy of sid4-SA1 nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry at the restrictive temperature; single cell montage. Left to 
right: colour combine; red channel: Rlc1-mCherry (CAR marker) and Uch2-mCherry 
(nuclear marker); green channel showing nmt41:GFP-Mto1. Mto1 is present at the 
CAR. The CAR then breaks down, leaving a binucleate cell. Images acquired every 
60 seconds from 2 hr 01 min at 36 !C; duration: 31 min. Total time compression 
600!. 
 
Movie 41 Time-lapse confocal microscopy of sid4-SA1 nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry; full field. Colour combine: red channel showing Rlc1-
mCherry (CAR marker) and Uch2-mCherry (nuclear marker); green channel 
showing nmt41:GFP-Mto1. Images acquired every 60 seconds from 2 hr 01 min at 







Chapter I - Introduction 
 
Microtubules 
Microtubules are hollow polymer tubes found in eukaryotic cells. They are 
constructed from dimers of "- and #-tubulin. "-#-tubulin heterodimers interact to 
form protofilaments within microtubules, with each individual microtubule typically 
consisting of 13 protofilaments arranged as a helical structure. Microtubules are 
intrinsically polarised due to the head-to-tail alignment of the heterodimers, having a 
distinct plus end (where #-tubulin is exposed) and minus end (where "-tubulin is 
exposed). Individual microtubules are highly dynamic, undergoing cycles of growth 
and shrinkage as they explore the cellular environment (Mitchison and Kirschner, 
1984; Desai and Mitchison, 1997). Within the cell most microtubules preferentially 
grow from the plus end and are stabilised at the minus end by nucleation sites 
(Dammermann et al., 2003). 
 
Microtubules are an essential part of the eukaryotic cytoskeleton, being involved in 
both small-scale activities, such as the transport of proteins and organelles by 
molecular motors travelling along microtubules, and in large-scale phenomena such 
as the establishment of cell polarity, cellular movement (through cilia and flagella) 
and cell division (Raynaud-Messina and Merdes, 2007). Microtubules can interact to 
form distinct higher order structures, most notably the mitotic spindle. These higher-
order arrays of microtubules are also dynamic, undergoing dramatic morphological 
changes during the cell cycle. 
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Microtubule nucleation 
Microtubule nucleation is generally restricted to specific sites within cells, called 
microtubule organising centres (MTOCs). MTOCs control the number, distribution 
and polarity of microtubules within cells (Luders and Stearns, 2007). The 
predominant MTOC in higher eukaryotic cells is the centrosome. Electron 
micrographs show the centrosome to consist of two cylindrical centrioles in 
perpendicular alignment, each with nine triplets of microtubules arranged as blades 
around the perimeter of the cylinder (Rieder et al., 2001). The peri-centriolar matrix 
surrounding the centrioles is an amorphous material containing proteins such as 
pericentrin and ninein, involved in the nucleation and anchoring of microtubules 
(Doxsey et al., 1994; Bouckson-Castaing et al., 1996). During interphase the 
centrosome nucleates an array of microtubules that extends to the cell periphery; 
later in the cell cycle the centrosome, together with chromatin, (see below) nucleates 
the mitotic spindle. In yeast the spindle pole body (SPB) is functionally similar but 
structurally distinct to the centrosome. The SPB is a multilayered structure consisting 
of a series of plaques that is able to nucleate microtubules from both the 
nucleoplasmic and cytoplasmic face (Jaspersen and Winey, 2004).   
 
Some cell types have microtubules that are not associated with the centrosome: 
neuronal cells contain a core of over-lapping microtubules that span the axon length, 
while kidney epithelial cells have microtubules that extend through the cell from the 
apical to the basal membrane (Keating and Borisy, 1999). Non-centrosomal 
microtubules allow for a wider range of microtubule arrays to be formed. Studies of 
cells in which the centrosome has been ablated (Khodjakov et al., 2000) reveal that 
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nucleation is not solely dependent on the centrosome, even in cells lacking extra-
centrosomal arrays, as cells form microtubules in the absence of a functional 
centrosome. These microtubules then independently organise into functional spindles 
during mitosis, but cells lacking centrosomes have a high failure rate in cytokinesis 
(related to mitotic spindle mis-positioning), pointing to the role of the centrosome in 
establishing robust cell division (Khodjakov and Rieder, 2001). 
 
The generation of non-centrosomal microtubules is not well understood. Some are 
thought to derive from the centrosome, either being released after nucleation or 
severed from pre-existing microtubules (Keating and Borisy, 1999). Other 
microtubules are nucleated in association with chromatin, including the meiotic 
spindle in many organisms (McKim and Hawley, 1995; Waters and Salmon, 1997). 
Microtubules are also nucleated by non-centrosomal MTOCs. Fruit fly wing 
epithelial cells contain non-centrosomal MTOCs. These nucleate microtubules with 
15 protofilaments, in contrast to those nucleated by the centrosome in the same cells 
(which have the conventional 13), corroborating the separate origins of these 
microtubules (Mogensen and Tucker, 1987). Plant cells form an organised cortical 
microtubule array, nucleated from MTOCs on pre-existing microtubules (Murata et 
al., 2005). The fission yeast Schizosaccharomyces pombe contains a number of 
distinct MTOCs that nucleate distinct microtubule arrays at different times in the cell 




!-tubulin promotes microtubule nucleation 
MTOCs contain "-tubulin, a member of the tubulin family, which promotes 
nucleation of microtubules. !-tubulin was originally identified as a suppressor of a #-
tubulin mutation in Aspergillus nidulans and has ~30% homology to #- and $-tubulin 
(Oakley and Oakley, 1989). Nucleation is the rate-limiting step of microtubule 
formation as initial nucleation intermediates are unstable in the absence of "-tubulin, 
creating a kinetic barrier to nucleation (Job et al., 2003).  
 
In vivo, !-tubulin associates with additional proteins to form the !-tubulin complex 
(!-TuC). Two forms of this complex are commonly found: the !-tubulin small 
complex (!-TuSC), containing two copies of !-tubulin (GCP1) plus one copy each of 
the accessory factors GCP2 and GCP3 (Murphy et al., 1998; Oegema et al., 1999), 
and the larger !-tubulin ring complex (!-TuRC), which contains multiple copies of 
the !-TuSC, as well as GCP4, 5, 6 and GCP-WD (Martin et al., 1998; Fava et al., 
1999; Oegema et al., 1999; Gunawardane et al., 2000; Zhang et al., 2000; Murphy et 
al., 2001; Gunawardane et al., 2003; Haren et al., 2006; Luders et al., 2006; Verollet 
et al., 2006). The !-TuRC has been named because of its ring-like structure, as 
observed by electron microscopy. The accessory proteins GCP2-6 (named GCP for 
!-complex protein) all contain a conserved 'grip' motif, the function of which is 
unknown (Gunawardane et al., 2000; Murphy et al., 2001). The S. pombe 
homologues of the core components are Gtb1/Tug1 (GCP1), Alp4 (GCP2) and Alp6 
(GCP3) (Horio et al., 1991; Stearns et al., 1991; Vardy and Toda, 2000). Gfh1 
(GCP4), Mod21 (GCP5) and Alp16 (GCP6) are homologues of the non-core 
components (Fujita et al., 2002; Venkatram et al., 2004; Anders et al., 2006). The 
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non-core components are less well conserved than the core components. Figure 1 
shows a diagram of the !-TuRC in S. pombe.  
 
The precise mechanism of microtubule nucleation is unknown. Two models of 
nucleation have been put forward: the 'template' model, where the "-TuC acts as a 
direct template for nucleation (Zheng et al., 1995), and the 'protofilament' model 
where the "-TuC forms a protofilament with which other protofilaments interact by 
lateral contacts to form a microtubule (Erickson and Stoffler, 1996). The template 
model is inspired by the ring structure of the "-TuRC, and is the more widely 
accepted of the two models. This ring has a diameter of 25nm, the same diameter as 
a single microtubule, and can be seen to cap the minus ends of microtubules (Moritz 
et al., 1995; Zheng et al., 1995; Keating and Borisy, 2000; Moritz et al., 2000; Wiese 
and Zheng, 2000).  
 
While the !-TuRC is considered to be the active form of the !-TuC in vivo and is 
significantly better at promoting nucleation than the "-TuSC (~150 times more active 
per mole of complex) (Oegema et al., 1999), the precise roles of the !-TuRC and !-
TuSC are not clear. S. cerevisiae nucleates microtubules, despite lacking homologues 
of GCP4, 5 and 6 (Wiese and Zheng, 2006) and the !-TuSC has been shown to 
promote some minimal microtubule nucleation in vitro, although this work took 
place at high concentrations of "-TuSC (Oegema et al., 1999). It is theoretically 
possible that the !-TuSC could self-associate to form larger complexes similar to the 
!-TuRC even in the absence of these proteins (Vinh et al., 2002; Kollman et al., 
2008). In addition, while S. pombe does contain the !-TuRC form of the !-TuC,  
Figure 1  The !-TuRC nucleates microtubule formation 
In S. pombe the !-TuRC consists of multiple copies of the !-
TuSC (Gtb1, Alp4 and Alp6) that interact with the non-core 
accessory proteins Alp16, Gfh1 and Mod21 to form a ring-like 
structure. The !-TuRC is thought to nucleate microtubule by 
acting as a direct template for !-" tubulin dimer assembly as 
























 sucrose gradient separation has shown that the majority of !-tubulin in S. pombe 
exists in the !-TuSC form (Anders et al., 2006). Strains lacking the !-TuRC specific 
components (including the triple gfh1" mod21" alp16" knockout) are viable and 
have qualitatively normal microtubule nucleation, although the number of 
microtubules nucleated from iMTOCs is reduced (Anders et al., 2006).  
 
While the structural evidence rules out the 'protofilament' model as it was first 
conceived, a modified model has been proposed, where lateral bonds between $-
tubulin and "-tubulin are important and the "-tubulin protofilament need not extend 
so far into the microtubule (Erickson, 2000). The contribution of each form of the !-
TuC to nucleation in vivo requires further investigation and this may aid the 
development of a unifying model of microtubule nucleation. In this work, "-TuC is 
used where it is not possible to distinguish between the "-TuSC and the "-TuRC. 
 
!-tubulin also appears to regulate the plus-end dynamics of microtubules, as cells 
with mutations in !-TuC proteins frequently contain very long microtubules that in S. 
pombe often curve round cell tips (Paluh et al., 2000; Vardy and Toda, 2000; Tange 
et al., 2004; Zimmerman and Chang, 2005; Anders et al., 2006; Masuda et al., 2006). 
How this occurs is unclear, but may be related to loading of EB1 proteins at the 
minus end (Cuschieri et al., 2006).  Alternatively, this curving may be an indirect 
effect due to the altered ratio of tubulin subunits to nucleation sites (Sawin et al., 
2004; Samejima et al., 2005). 
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The microtubule network undergoes tremendous changes during the cell cycle. 
Restricting microtubule nucleation to MTOCs allows cells to control when and 
where microtubules are formed, and the type, position and nucleating capacity of 
MTOCs must change to produce the changes in microtubule organisation, whether 
through the construction of new microtubules or by a change in nucleating capacity 
of a pre-existing MTOC (Khodjakov and Rieder, 1999). This control is necessary for 
the proper function of the cell, with centrosome abnormalities potentially causing 
genetic instability and cancer (Basto et al., 2008). How MTOCs and the localisation 
of !-tubulin are controlled within cells is a question that is critical for our 
understanding of cell biology.  
 
Microtubules in S. pombe 
This project has used the fission yeast S. pombe to study microtubule nucleation. A 
commonly used laboratory model, S. pombe is a rod shaped single celled organism, 
with haploid cells typically 7-14 µm in length and 3-4 µm in width. Widely divergent 
from the other commonly used yeast model S. cerevisiae (Forsburg, 1999; Sipiczki, 
2000), S. pombe was first isolated in 1893 and emerged as a model organism in the 
1950s with the work of Urs Leopold and Murdoch Mitchison, before being notably 
used for the cell cycle experiments that led to Paul Nurse being awarded the 2001 
Nobel Prize in Physiology or Medicine. It has the convenient features of being easily 
cultured with a short generation time (2-4 hours depending on growth conditions), 
has a well-defined cell cycle and is readily genetically manipulated. The genome 
sequence was published in 2002 (Wood et al., 2002) and S. pombe experimental 
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techniques have made full use of rapid advances in molecular biology, including the 
live imaging of fluorescently tagged proteins in vivo.  
 
S. pombe, while having comparatively few microtubules, displays three distinct 
microtubule arrays during vegetative growth, each appearing at a specific stage of 
the cell cycle (Figure 2). Each microtubule array has a specific associated 
microtubule organising centre (MTOC) (Hagan, 1998; Sawin and Tran, 2006); 
regulation of MTOCs underpins restructuring of the microtubule cytoskeleton as the 
cell passes through the cell cycle. The abundance of MTOCs makes S. pombe an 
excellent model organism to use to study the mechanism and control of microtubule 
nucleation, addressing important questions in our understanding of how MTOCs are 
regulated in time and space.  
 
Interphase MTOCs (iMTOCs) nucleate the anti-parallel bundles of microtubules that 
span the cell prior to mitosis. 3-4 bundles of interphase microtubules are found per 
cell, with approximately 2-5 microtubules per bundle (Drummond and Cross, 2000; 
Tran et al., 2001; Carazo-Salas et al., 2005; Hoog et al., 2007). What constitutes an 
iMTOC has proved to be difficult to define, mainly due to subtle experimental 
considerations. The SPB undoubtedly nucleates some proportion of interphase 
microtubules; nucleation has also been suggested to occur from "-TuC satellites 
present on existing microtubules (Janson et al., 2005), from the overlap region of 
antiparallel MT bundles in the centre of the cell (Busch and Brunner, 2004) 
(although it is disputed whether this is true de novo nucleation) and from sites on the 


















































































































































































































































































































































































































































































































































































































nuclear iMTOCs was based on re-growth of microtubules after cold-shock treatment, 
which depolymerises microtubules; however the microtubule nucleation protein 
Mto1 is known to re-locate to the nuclear envelope after cold-shock (Sawin et al., 
2004), making it difficult to judge the degree of microtubule nucleation from the 
nuclear envelope present under normal conditions.  
 
Klp2 and Ase1 organise microtubules into overlapping antiparallel bundles during 
interphase. The kinesin motor protein Klp2 slides new microtubules along pre-
existing microtubules, aligning the minus ends (Carazo-Salas et al., 2005), while 
Ase1 then bundles the collections of minus ends in an anti-parallel manner, forming 
a stable region of minus ends in the centre of the cell (Loiodice et al., 2005; 
Yamashita et al., 2005; Kapitein et al., 2008). In doing so all microtubules present in 
the cell are incorporated into an anti-parallel array of bundled microtubules. 
Interphase microtubules then deliver polarity factors Tea1 and Tea4 to the cell tips 
(Mata and Nurse, 1997; Sawin and Nurse, 1998; Sawin and Snaith, 2004; Martin et 
al., 2005). These proteins provide intracellular positional information (Hayles and 
Nurse, 2001) and are part of the machinery that determines cell polarity; if this 
positional information is absent or disrupted, cells display morphology defects such 
as curving or branching in response to stress (Sawin and Nurse, 1998; Niccoli et al., 
2003; Tatebe et al., 2005). In addition, opposing forces generated as interphase 
bundles come into contact with the cell tips act to centre the nucleus within the cell 
(Tran et al., 2001; Daga et al., 2006). This also provides positional information 
within the cell; nuclear position prescribes the future division site through shuttling 
of the anillin-like protein Mid1 from the nucleus to the cell membrane, where it 
establishes the contractile actin ring (CAR) (Sohrmann et al., 1996; Bahler et al., 
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1998a; Motegi et al., 2004). If the position of the nucleus is altered in early mitosis 
(by centrifugation or using optical tweezers), the division site is correspondingly 
changed (Daga and Chang, 2005; Tolic-Norrelykke et al., 2005). 
 
The mitotic spindle is nucleated from the nuclear face of the SPB. The SPB embeds 
into the nuclear envelope at the start of mitosis, after it has duplicated (Ding et al., 
1997). In common with other yeasts, S. pombe undergoes a closed mitosis, where the 
nuclear envelope does not breakdown. S. pombe has 3 chromosomes, to which the 
microtubules of the mitotic spindle attach via the kinetochores. The condensed 
chromosomes align in the centre of the cell (metaphase), separate and move apart 
(anaphase A) before the mitotic spindle elongates (anaphase B), segregating the 
duplicated chromosomes prior to cell division. The SPB also nucleates astral 
microtubules from the cytoplasmic face of the nucleus during mitosis, first appearing 
during anaphase. Astral microtubules have previously been implicated in a 'spindle-
orientation' checkpoint (Oliferenko and Balasubramanian, 2002; Gachet et al., 2004; 
Rajagopalan et al., 2004; Tournier et al., 2004); however the discovery that what 
were believed to be 'astral microtubules', present during metaphase, are in fact intra-
nuclear (Zimmerman et al., 2004a), has substantially discredited the existence of the 
checkpoint (reviewed briefly in (Sawin and Tran, 2006)). What then is the purpose of 
astral microtubules? A number of experimental approaches have been used to show 
that spindle elongation does not depend on the presence of astral microtubules 
(Masuda et al., 1990; Khodjakov et al., 2004; Sawin et al., 2004; Tolic-Norrelykke 
et al., 2004; Venkatram et al., 2004; Zimmerman and Chang, 2005). No function for 
astrals microtubule has yet been identified, and it is possible that astral microtubules 
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are simply evolutionary remnants with no function in S. pombe. 
 
At the end of mitosis the equatorial MTOCs nucleate the post-anaphase array (PAA). 
The microtubules of the PAA radiate from the equatorial MTOC (eMTOC), a 
horseshoe-like structure present at the equator of the cell at the site of future septum 
formation (Heitz et al., 2001). The first signs of microtubule nucleation from the 
medial region take place immediately prior to spindle disassembly, and the PAA 
fully develops after mitotic spindle breakdown. The structure breaks down at 
cytokinesis, though some microtubules are thought to remain and contribute to the 
new interphase microtubule bundles that form. Growth of cells that lack the PAA, 
(mto1" mutant cells (Sawin et al., 2004; Venkatram et al., 2005) and cells where 
Rsp1, a protein involved in the disassembly of the eMTOC, is over-expressed 
(Zimmerman et al., 2004b)) demonstrate that the PAA is not essential for viability. 
 
The precise function of the PAA is unknown. Cells lacking the PAA are viable but 
fail to maintain the CAR at the middle of the cell when cell division is delayed for 3 
hrs (Pardo and Nurse, 2003; Venkatram et al., 2005). Correct positioning of the 
division plane is essential to avoid uneven distribution of nuclear material; in the 
absence of the PAA the CAR drifted from the centre when cells were arrested prior 
to cytokinesis. The microtubules of the PAA have also been suggested to have a role 
in separating duplicated nuclei, creating a safe distance between the nuclei and the 
division site (Hagan and Hyams, 1988; Hagan and Yanagida, 1997), although this is 
unlikely given that mto1" cells do not show defects in maintaining nuclear 
separation.  
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Do other fission yeasts have a PAA? The closely related yeast Schizosaccharomyces 
japonicus does not appear to have an eMTOC, as determined by "-tubulin 
localisation (Horio et al., 2002). Extensive growth of astral microtubules is seen 
towards the end of anaphase, creating long microtubules that superficially resemble a 
PAA as they are first constricted and then severed by the contraction of the CAR and 
septum formation (Alfa and Hyams, 1990). Careful examination has revealed a small 
number of microtubules emerging from the cell equator that were previously over 
looked, possibly being nucleated from free floating cytoplasmic MTOCs rather than 
a tethered eMTOC (Horio et al., 2002). However, the majority of microtubules are 
thought to emerge from the SPB. This predicts that the minus ends of these 
microtubules will be localised at the cell tips, rather than being nucleated from the 
cell equator, with wide implications for PAA function. It should be kept in mind that 
all previous work has used fixed cells; live microscopy has the potential to reveal 
many hidden details of microtubule nucleation and should give a clearer picture of 
the extent of equatorial nucleation in S. japonicus. 
 
The cytoskeleton of S. octosporus, the other member of the genus 
Schizosaccharomyces, has not yet been characterised. The genomes of both S. 
japonicus and S. octosporus have now been sequenced (available online at 
http://www.broad.mit.edu) and further studies of their cytoskeleton (especially using 
live microscopy to observe morphological changes across the cell cycle) may well 
provide new insights into the S. pombe cytoskeleton, and reveal how far the PAA has 
been conserved. It is possible that the PAA was present in a common ancestor of the 
fission yeasts, and had a distinct function, possibly in tethering the CAR, but that the 
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function has lost importance over the course of time. Nevertheless, S. pombe remains 
a uniquely suitable model for studying regulation of microtubule nucleation.  
 
Mto1, a key regulator of microtubule nucleation, targets the "-
TuC to MTOCs 
Mto1 (Microtubule organiser, initially known as Mod20 and Mbo1) recruits the "-
TuC to cytoplasmic MTOCs (Sawin et al., 2004; Venkatram et al., 2004). Deletion of 
Mto1 completely abolishes cytoplasmic microtubule nucleation. Mto1" cells lack 
astral microtubules and the PAA; the few interphase microtubules present in mto1" 
cells are derived from microtubules that have emerged from the nucleus (a 
phenomenon described in (Zimmerman et al., 2004a)). As with other mutants 
defective in microtubule nucleation, mto1" cells have elongated microtubules that 
abnormally curve around cell tips. Nucleation of the microtubules that build the 
mitotic spindle is thought to be mediated by Pcp1, a functional homologue of Mto1 
that attaches the "-TuC to the nuclear face of the SPB (Flory et al., 2002).  
Accordingly, mto1" cells have a normal mitotic spindle and the cells are viable. The 
defective microtubule nucleation seen in mto1" cells leads to mild morphology 
defects, with cells appearing as slightly curved. Visualisation of fluorescently 
labelled Mto1 shows that it localises to MTOCs. Mto1 is found at the SPB, forms a 
ring in the middle of the cell (the site of eMTOC) at the end of anaphase that later 
contracts, and is distributed along microtubules at sites that are thought to be 
iMTOCs.  Mto1 co-immunoprecipitates the !-TuC and is required to recruit the "-
TuC to the MTOCs at the various stages of the cell cycle. Mto1 localisation 
ultimately dictates !-tubulin localisation and thus where microtubule nucleation will 
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occur. It follows that understanding how Mto1 localisation is regulated is essential 
for understanding how the localisation of the !-tubulin to the different MTOCs is 
controlled at distinct times in the cell cycle. It is unclear whether Mto1 regulates 
cytoplasmic microtubule nucleation purely by controlling the localisation of the "-
TuC, or whether binding to Mto1 may somehow activate the "-TuC.  
 
Mto2, a second key regulator of cytoplasmic microtubule nucleation, also localises to 
MTOCSs and has been shown to physically interact with Mto1 (Samejima et al., 
2005; Venkatram et al., 2005). mto2" cells have fewer interphase microtubules than 
wild-type cells, but do have astral microtubules and nucleate weak unfocused PAAs 
(Samejima et al., 2005; Venkatram et al., 2005). Mto2 and Mto1 bind the "-tubulin 
complex co-operatively, with Mto1 being unable to co-purify " -TuC in the absence 
of the Mto2 binding region (Samejima et al., 2008), although the increased number 
of microtubules present in the mto2" mutant compared to mto1" cells suggests that 
in vivo Mto1 may retain some ability to recruit the "-TuC in the absence of Mto2. 
While soluble Mto1 may be unable to interact with "-TuC in the absence of Mto2, 
small amounts of solid-phase Mto1 have been proposed to interact with "-tubulin at 
SPBs and the eMTOC (Samejima et al., 2005), which would account for the 
microtubule nucleation that is observed. Mto1 localises to MTOCs in mto2" cells 
and so Mto1 localisation is independent of Mto2, while Mto2 localisation is 
dependent on the presence of Mto1 (Samejima et al., 2005; Venkatram et al., 2005). 




Mto1 is a large protein of 1115 amino acids. Figure 3 shows key domains present in 
the Mto1 protein.  Mto1 has a globular N-terminal domain of ~ 300 amino acids, 
with the remainder of the protein consisting primarily of extensive coiled coil 
regions. Coiled coil protein domains contain heptad repeats of hydrophobic and polar 
amino acids that form an amphipathic alpha helix; two or more coiled coils then 
interact to conceal the hydrophobic seam of the coil, exposing the hydrophilic region 
to the cytoplasm (Lupas and Gruber, 2005). Coiled-coil domains can thus promote 
protein-protein interaction including dimerisation. Mto1 has been shown to dimerise 
in vivo, with two differently tagged versions of Mto1 co-immunoprecipitating (L. 
Groocock, personal communication).    
 
Mto1 is one of a number of proteins known to regulate the localisation of !-tubulin. 
In S.cerevisiae, the protein SPC72 links the !-TuSC to the cytoplasmic face of the 
SPB (Knop and Schiebel, 1998), and is therefore functionally similar to Mto1. 
Recently an RNAi screen led to the identification of several D. melanogaster genes 
that are required for !-tubulin localisation to mitotic spindle microtubules, forming 
the augmin complex (Goshima et al., 2008; Meireles et al., 2009). This microtubule-
based microtubule nucleation is similar to nucleation by iMTOCs found on 
interphase microtubules in S. pombe. Deletion of augmin complex subunits leads to 
the defects in cell division including a reduction in the number of spindle 
microtubules (Goshima et al., 2008) and to chromosomal misalignment during 
female meiosis (Meireles et al., 2009). Human homologues of the augmin proteins 
have been shown to interact with !-tubulin (Lawo et al., 2009; Uehara et al., 2009). 



































































































































































































































































































































































































































































































































































































































centrosome (Fong et al., 2008). Mutations in CDK5RAP2 and related centrosomal 
genes (MCPH1, ASPM and CENPJ) are linked to primary microcephaly, while 
mutations in the human pericentrin gene, known to interact with !-tubulin 
(Dictenberg et al., 1998), can cause primordial dwarfism, a condition that also affects 
brain development (Rauch et al., 2008).  Studies of these genes highlight the 
importance of !-tubulin-interacting proteins in development. In higher eukaryotes the 
position of the spindle orientation affects the plane of cell division (Giansanti et al., 
2001; Fish et al., 2006). Asymmetric cell division is an important mechanism for 
establishing cell differentiation; defects in microtubule nucleation can therefore have 
far-reaching effects on the growth and development of an organism.  
 
Several proteins involved in microtubule nucleation contain the conserved 
centrosomin motif CM1, including S. pombe Mto1 and Pcp1, S. cerevisiae SPC110, 
D. melanogaster centrosomin and H. sapiens myomegalin and CDK5RAP2 (Sawin 
et al., 2004; Zhang and Megraw, 2007; Fong et al., 2008). This conserved motif is 
thought to mediate the interaction with !-tubulin. The CM1 motif of D. melanogaster 
centrosomin is required for recruitment of "-tubulin to the centrosome (Zhang and 
Megraw, 2007), and mutations in this region of Mto1 have been shown to disrupt the 
interaction between Mto1 and the "-TuC, creating an mto1-null phenotype 
(Samejima et al., 2008). CM1-motif containing proteins are generally similar in 
structure, being large proteins (100-300 kDa), with several predicted coiled-coils, 
where the CM1 motif is positioned towards the amino terminus. However, the 
proteins have little sequence homology outside of the CM1 motif.   
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A short region of the carboxyl-terminus has been identified as necessary for correct 
Mto1 localisation (S. Rincon, Sawin Lab, personal communication). A truncated 
form of Mto1, with 64 nucleotides deleted at the carboxyl-terminal, Mto1(1-1051), is 
not present at the cell equator or the SPB; a slightly longer truncation, Mto1(1-1065) 
retains localisation to the cell equator but fails to localise to the SPB. From other 
truncations it has been deduced that residues 1065-1075 are required for localisation 
to the SPB during interphase and mitosis and 1085-1095 for localisation to the SPB 
only during mitosis. SPB localisation is not a pre-requisite for localisation of Mto1 to 
the eMTOC. The existence of these regions has led us to speculate that there may be 
a series of Mto1 interacting proteins that require these specific areas to interact with 
Mto1 and target them to the MTOCs at different times. A central aim of this project 
is to identify the protein that recruits Mto1 to the eMTOC.  
 
Regulating the eMTOC 
 eMTOC formation is restricted to the end of anaphase. Detailed observation has 
established that Mto1 appears at the equator specifically when the SPBs are 8 µm 
apart, mid-way through anaphase B (Figure 4). What triggers the recruitment of 
Mto1 to the equator, leading to eMTOC formation? MTOC formation must be tightly 
regulated as part of the cell division cycle. Our current knowledge of eMTOC 
regulation suggests that multiple layers of control are present.  
 
eMTOC formation is dependent on actin; in cells treated with latrunculin A to 
depolymerise F-actin, !-tubulin is no longer present at the equator (Heitz et al., 2001) 
and PAAs are not seen (Pardo and Nurse, 2003). This indicates that the CAR or  
Figure 4  Timing of Mto1 appearance at the equator  
Graph showing the mitotic spindle length, scored for the 
presence or absence of Mto1 at the equator and ranked 
according to increased length. Mto1 initially appears at the cell 
equator when the spindle measures ~8µm. At this time the cell is 
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some other actin structure is required for eMTOC formation. The CAR forms at the 
cell division plane of animal cells and carries out cytokinesis. The CAR contains 
both actin and myosin and acts like a band of muscle, bisecting the cell when it 
contracts. The septum forms as the CAR contracts (Gould and Simanis, 1997); at the 
end of cytokinesis the septum is broken down, releasing two newly independent 
daughter cells. In S. pombe both the CAR and the eMTOC form in the centre of the 
cell. CAR assembly begins prior to SPB separation with the appearance of the type-II 
myosin heavy chain Myo2 plus the myosin light chains Rlc1 and Cdc4 at the cell 
equator (Kitayama et al., 1997; Le Goff et al., 2000; Motegi et al., 2004). Mid1 
forms a wide band of small cortical nodes (Chang et al., 1996; Sohrmann et al., 
1996; Bahler et al., 1998a; Wu et al., 2006). Polarity proteins at the cell tips also 
restrict Mid1 to the cell centre (Padte et al., 2006; Huang et al., 2007). In mid1" cells 
the CAR forms but is frequently mis-positioned (Chang et al., 1996; Sohrmann et al., 
1996). 
 
The components of the CAR appear in a defined sequence (Wu et al., 2003), a 
process that continues throughout mitosis. The nodes mature with the additional of 
three actin regulators: the IQGAP protein Rng2 (Eng et al., 1998), the formin Cdc12 
(Chang et al., 1997) and the PCH protein Cdc15 (Fankhauser et al., 1995). Initially 
the CAR forms as a series of nodes that form a ring when Cdc12 nucleates actin 
filaments. In the node model of CAR formation these filaments are proposed to 
promote the coalescence of the network of nodes into a narrow band via a 'search, 
capture, pull and release mechanism' (Wu et al., 2006; Vavylonis et al., 2008). 
Evidence has also been found for an alternative 'aster' model (Arai and Mabuchi, 
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2002; Kamasaki et al., 2007), where F-actin is nucleated from a focus on one side of 
the cell (forming the 'aster'), rather than a network of short actin filaments. More 
work remains to be done to address outstanding issues and could lead to a new model 
of CAR formation that may incorporate aspects of both models. Following actin 
nucleation, the tropomyosin Cdc8 (Balasubramanian et al., 1992) then joins the ring, 
followed by the #-actinin Ain1 (Wu et al., 2001), and CAR construction concludes 
with the addition of  a second type-II myosin, Myp2 (Bezanilla et al., 1997) shortly 
prior to CAR contraction.  
 
The timing of cytokinesis must be precisely regulated so that it takes place only after 
chromosomes have been replicated and segregated. CAR contraction is controlled by 
the septation initiation network (SIN), the signalling pathway in S. pombe that directs 
the events occurring at the end of mitosis. The SIN has recently been shown to also 
be involved in CAR formation, being required for the hypophosphorylation and 
recruitment of Cdc15 to the CAR (Hachet and Simanis, 2008).The SIN is analogous 
to the mitotic exit network in S. cerevisiae and both pathways are GTPase signalling 
cascades that assemble at the SPBs (Simanis, 2003; Krapp et al., 2004; Wolfe and 
Gould, 2005). Mutations in the SIN signalling pathway typically produce multi-
nucleated cells that are unable to undergo cytokinesis (Balasubramanian et al., 1998); 
conversely, ectopic activation of the SIN can uncouple the cell division cycle from 
the nuclear division cycle, with cytokinesis taking place before genetic material has 
been segregated (Schmidt et al., 1997). The SIN pathway is necessary for eMTOC 
formation; "-tubulin is not present at the cell equator in SIN mutant strains, despite 
the presence of a CAR (Heitz et al., 2001), and consistent with this, no PAA is 
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formed in SIN mutants (Pardo and Nurse, 2003). The SIN is negatively regulated by 
the spindle assembly checkpoint component Dma1 (Murone and Simanis, 1996; 
Guertin et al., 2002), and "-tubulin also does not localise to the cell equator when 
Dma1 is over-expressed (Heitz et al., 2001). 
 
Figure 5 shows the proteins involved in the SIN. Sid4 and Cdc11 form a scaffold for 
signalling at the SPB (Krapp et al., 2001; Morrell et al., 2004), with Sid4 interacting 
with a structural component of the SPB, Ppc89. (Rosenberg et al., 2006). The SPBs 
are required for SIN signalling. Several of the SIN proteins show an asymmetric 
distribution, localising preferentially to the nascent SPB. The purpose of this is not 
clear and the 'mother' SBP can replace the 'daughter' if necessary (Magidson et al., 
2006). The GTPase Spg1 then binds to Cdc11 (Morrell et al., 2004). Cdc11 is 
hyperphosphorylated during mitosis and this may be important for pathway 
activation (Krapp et al., 2001). Spg1 is regulated by Byr4 and Cdc16, which act 
together as a GTPase-activating protein (Furge et al., 1998). Byr4 contains binding 
sites for both Cdc16 and Spg1, and so mediates formation of the trimeric complex 
(Furge et al., 1999). No guanine nucleotide exchange factor has yet been identified 
for Spg1.   
 
Once activated, Spg1 recruits Cdc7 to the SBP (Krapp et al., 2004). The kinase 
activity of Cdc7 is constant throughout the cell cycle (Sohrmann et al., 1998), 
indicating that the control of Cdc7 localisation may be important mechanism for 
channelling its activity. Then signal transduction continues first via the protein 
kinase Sid1 (in association with the regulatory subunit Cdc14) and then through 
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another kinase, Sid2 (in association with the regulatory subunit Mob1) (Guertin et 
al., 2000; Krapp et al., 2004). Sid2 relocates to the CAR from the SPB immediately 
prior to contraction (Sparks et al., 1999). The substrates of Sid2 have not been 
identified, and the ultimate trigger for CAR contraction is not currently known.  
 
The SIN is integrated with other events in the cell cycle by the polo-like kinase, 
Plo1. Polo-like kinases have multiple functions during the cell cycle (Ohkura et al., 
1995; Donaldson et al., 2001), but are primarily involved with promoting mitotic 
events, including mitotic exit. In S. pombe Plo1 is required for spindle formation and 
cytokinesis, including CAR formation (Ohkura et al., 1995) and localises to the 
mitotic SPB, mitotic spindle and to the CAR (Bahler et al., 1998a; Mulvihill et al., 
1999; Mulvihill and Hyams, 2002). Plo1 lies upstream of the SIN, as over-expression 
of Plo1 induces CAR formation and septation in interphase cells (Ohkura et al., 
1995; Bahler et al., 1998a); and Plo1 activity is independent of SIN activation 
(Tanaka et al., 2001). In agreement with this role for Plo1, Plo1 physically interacts 
with Sid4 (Morrell et al., 2004) and plo1" cells are unable to septate (Ohkura et al., 
1995). Mutant alleles of a number of SIN genes are highly dependent on high-levels 
of expression of Plo1, suggesting that Plo1 and the SIN pathway functionally interact 
(Cullen et al., 2000). Plo1 over-expression is sufficient to drive eMTOC formation 
alongside CAR formation and septation, but only during the first round of multiple 
rounds of septation produced by the over-expression conditions (Heitz et al., 2001). 
As the SIN is necessary but not sufficient to drive eMTOC formation, this indicates 
that another pathway is additionally required to trigger eMTOC formation and 
suggests that Plo1 also activates this second regulatory pathway.  
Figure 5  Outline of the SIN pathway 
Sid4 and Cdc11 sit at the top of the SIN and form a scaffold for 
SIN pathway signaling at the SPB. Ppc89 links Sid4 to the SPB. 
The GTPase Spg1 is regulated by Byr4 and Cdc16 (not shown); 
once activated it binds the kinase Cdc7. The signal is 
transmitted through the additional kinases Sid1 and Sid2 
(together with their regulatory subunits), triggering contraction of 














It is also known that both "-tubulin and Mto1 localise to the eMTOC independently 
of microtubules (Heitz et al., 2001; Sawin et al., 2004). 
 
Polo is also known to activate the anaphase promoting complex (APC) (Charles et 
al., 1998; Descombes and Nigg, 1998; Nigg, 1998; Shirayama et al., 1998; van de 
Weerdt et al., 2005; van Leuken et al., 2009). The APC is an E3 ubiquitin ligase and 
initiates the events of anaphase by targeting key cell-cycle regulators for destruction 
by the proteasome (Zachariae and Nasmyth, 1999; Peters, 2006). In S. pombe, Plo1 
has been found to physically interact with Cut23, a subunit of the APC, and over-
expression of Plo1 can rescue a mutation in Cut23 that affects interaction with Plo1, 
causing metaphase arrest (May et al., 2002). The multiple subunits of the APC stably 
interact throughout the cell cycle, however the complex is transiently activated in 
mitosis and G1 by post-translational modification and association with APC activator 
proteins such as Slp1 and Ste9 (Peters, 2002). A number of S. pombe APC subunits 
have been identified (Yoon et al., 2002). 
 
The action of the APC is blocked by the spindle assembly checkpoint until the 
mitotic spindle has correctly formed attachments to all chromosomes, in order to 
prevent aneuploidy. Once the kinetochore-microtubule attachments are established, 
inhibition of the APC is released (Reddy et al., 2007; Stegmeier et al., 2007), leading 
to sister chromatid separation. The mitotic spindle then elongates, segregating the 
chromosomes prior to cell division and the creation of new daughter cells. Recent 
work has identified a connection between the SIN and the APC: Nuc2p, a subunit of 
the APC, inhibits the SIN following cytokinesis (Chew and Balasubramanian, 2008). 
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Defects in the APC typically produce a 'cut' phenotype, where the single unreplicated 
nucleus is torn by the action of the contracting CAR in a cell that is unable to 
undergo anaphase (Hirano et al., 1986; Samejima et al., 1993; Yamada et al., 1997; 
Yanagida, 1998). Alternatively the cell division may generate one anucleate and one 
diploid cell. The APC is required for eMTOC formation, with !-tubulin failing to 
localise to the equator in a number of 'cut' mutants, despite CAR formation and 
contraction (Heitz et al., 2001). It seems likely that the ability of Plo1 to drive 
eMTOC formation is due to its activation of both the APC and the SIN. 
 
Controlled disassembly of MTOCs is also important when switching between 
different microtubule arrays. The J-domain protein Rsp1 is required for the 
disassembly of the eMTOC (Zimmerman et al., 2004b). Both rsp1" and the mutant 
rsp1-1 strain (which contains a single amino acid substitution in the J-domain) have 
defects in interphase microtubule organisation and contain significantly fewer 
interphase bundles than wild-type cells. This leads to the random septum positioning 
that first led to the gene being identified. In rsp1-1 cells, interphase microtubules 
radiate from a central aster that is the remains of the eMTOC from the previous 
round of cell division. Live imaging of alp4-GFP in rsp1" and rsp1-1 cells shows 
that the eMTOC is not broken down after cytokinesis in these mutants. Rsp1 is 
reported to be necessary for the "-tubulin complex to localise to satellite iMTOCs on 
microtubules based on alp4-GFP localisation in both rsp1" and rsp1-1 cells. Rsp1 
localises to these satellites and also to the SPBs and the eMTOC.  
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How Rsp1 contributes to eMTOC breakdown is not understood. Rsp1 has been 
shown to interact with Mto1 (Zimmerman and Chang, 2005); J-domain proteins 
interact with hsp70 proteins and the conformational change that accompanies this 
binding can disrupt other protein-protein interactions (for example the role of the J-
domain protein auxilin in clathrin disassembly during endocytosis (Kelley, 1998). 
Therefore a Rsp1 mediated chaperone-based mechanism could disrupt the interaction 
between Mto1 and another component of the eMTOC (perhaps disrupting an 
interaction between Mto1 and the protein that recruits Mto1 to the eMTOC). Over-
expression of Rsp1 inhibits eMTOC formation based on the localisation of Alp4-
GFP; this inhibition requires an intact J-domain. It is interesting that the rsp1-1 
mutant should have a more severe phenotype than the rsp1" strain, although it is not 
clear what insight this provides into other functions of the Rsp1 protein.  
 
In summary, eMTOC formation requires the CAR, the SIN regulatory pathway and 
the APC regulatory pathway. Once formed, the eMTOC nucleates the PAA and then 
breaks down at the end of cytokinesis, in a process that involves Rsp1. Localisation 
domains within Mto1 suggest that Mto1 may be recruited to the eMTOC by 
association with an unknown protein. The requirement for the CAR in eMTOC 
formation, plus the shared position of the eMTOC and the CAR at the cell equator 
suggest that this unknown protein could be a component of the CAR. Input from 
both the SIN and the APC regulatory pathways is required for "-tubulin localisation 
to the eMTOC. This may take place through controlling Mto1, and so "-TuC 
localisation. If so, the SIN and the APC will also be necessary for Mto1 localisation. 
Figure 6 outlines a hypothetical pathway for eMTOC formation. 
Figure 6  Schematic diagram showing hypothetical pathway 
of eMTOC formation 
Mto1 recruits the !-TuC to the site of the eMTOC. We propose 
that an additional protein, protein X, in turn interacts with Mto1 to 
recruit Mto1 to the eMTOC. In the absence of this protein Mto1 
will not localise to the cell equator, no eMTOC will form and the 
PAA will not be nucleated. The SIN and the APC regulatory 
pathways are both required for eMTOC formation, but it is not 
known if they regulate the localisation of Mto1.   










To learn more about the regulation of microtubule nucleation in S. pombe, this work 
has focused on two objectives: 
 
1. To identify the interacting protein(s) that recruit Mto1 to the site of the 
eMTOC 
2. To investigate the regulation of Mto1 localisation to the eMTOC  
 
Chapter III describes a yeast 2-hybrid screen performed to identify proteins that 
interact with Mto1.  Chapter IV describes the identification of the type II myosin, 
Myp2, as being required for Mto1 localisation to the equator and further examines 
the interaction between Myp2 and Mto1, while Chapter V studies how Mto1 
localisation to the site of eMTOC formation is regulated.  
 
(Berger et al., 1995) 
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Chapter II - Materials and Methods 
 
Strains, media and genetic methods.  
Schizosaccharomyces pombe strains used in this work were grown in yeast extract 
(YE5S) medium or minimal medium with appropriate supplements (Moreno et al., 
1991). Strain genotypes are listed in Table 1. Saccharomyces cerevisiae strains were 
grown in minimal medium with appropriate supplements (for 1 litre: 1.7 g yeast 
nitrogen base without amino acids (Bio 101 systems), 5 g ammonium sulphate, 1.47 
g synthetic complete amino acid drop-out supplement lacking histidine, leucine, 
tryptophan (Kaiser mixture, Formedium), 20 g glucose, 2 pellets of sodium 
hydroxide. 
 
The majority of stains made for this study were produced using genetic crosses. 
Freshly grown (1 day old) isolates of the strains to be crossed (one h+ and one h-) 
were streaked onto SPA plates. 10 µl of distilled water was added directly on top of 
the streaks and the strains mixed together using a sterile toothpick. Once dry the 
plates were left at 25-29°C for asci to form. These were then dissected to separate 
individual spores. A sterile inoculating loop was used to streak cells from 2-3 day old 
cross onto a plate of the relevant media (typically YE5S). The plate was then placed 
at 36°C for 1-4 hours to allow the ascus walls to break down. A Singer dissector was 
used to separate tetrads from a single cross and the plates placed at a suitable 
temperature to allow the spores to germinate (29°C; 25°C for temperature sensitive 
strains). Once colonies appeared, the donor plate was replicated onto selective media 
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to allow the identification of specific genotypes, coupled with visual inspection of 
fluorescent markers where appropriate. Temperature-sensitive strains were identified 
by replica plating in duplicate to media containing phloxin B, a dye that selectively 
stains dead cells, placing one plate at the restrictive temperature and one at the 
permissive temperature and comparing growth at the two different temperatures.  
 
Random spore analysis was used in place of tetrad analysis for constructing strains 
where a large number of spores were to be analysed. 6 µl of Helicase (Helix pomatia 
juice, Life Technologies) was diluted in 600µl of sterile distilled water, a small 
amount of a three day old cross was added and the mixture incubated at 32°C for at 
least 6 hours to digest the ascus wall and vegetative cells. Spore number was counted 
using a haemocytometer and diluted appropriately in distilled water. The sample was 
then sonicated for 10 pulses at 50% power to separate spores and prevent the 
appearance of colonies with mixed genotypes. The sonicator tip being extensively 
cleaned with distilled water and finally ethanol between samples. Spores were plated 
at a density of 200-1000 spores per plate on appropriate media. If spores were plated 
to selective media, the same quantity of spores was also plated to YE5S to check the 
number of colonies emerging on the selective media relative to the total number of 
geminating spores.     
 
Strains with SV40:GFP-atb2 were created as follows. The original strain KS4956 
SV40:GFP-atb2 (kind gift of Fred Chang, Columbia University, USA) was crossed 
to KS4113 cut4.533 to generate KS5062 cut4.533 SV40:GFP-atb2 and also to 
KS4099 cut9.665 to produce KS5106 cut9.665 SV40:GFP-atb2. KS4956 was also 
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crossed to the wild-type strain KS515 to change the mating type from h- to h+. 
KS5064 h+ SV40:GFP-atb2 was then crossed to KS4111 cut8.563 to generate 
KS5088 cut8.563 SV40:GFP-atb2. Rlc1-mCherry and Uch2-mCherry were later 
introduced to these strains by crossing KS5062 with KS4963 cut4.533 myp2-YFP 
rlc1-mCherry uch2-mCherry to create KS5177 cut4.533 rlc1-mCherry uch2-
mCherry SV40:GFP-atb2, KS5106 cut9.665 SV40-GFP-atb2 with KS5059 cut9.665 
alp4-GFP rlc1-mCherry uch2-mCherry to create KS5179 cut9.665 rlc1-mCherry 
uch2-mCherry SV40:GFP-atb2. KS5088 was crossed with KS4843 cut8.563 myp2-
YFP rlc1-mCherry uch2-mCherry to give KS5180 cut8.563 uch2-mCherry 
SV40:GFP-atb2. This in turn was crossed with KS4771 nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry to give KS5203 rlc1-mCherry uch2-mCherry SV40:GFP-
atb2 and KS5205 cut8.563 rlc1-mCherry uch2-mCherry SV40:GFP-atb2.  
 
Colony PCR was used to confirm gene deletion for KS4410 myp2!::kanMx, 
obtained from the S. pombe Deletion Mutant Library (Bioneer, 
http://pombe.bioneer.co.kr/). In the Bioneer deletion strains, the gene of interest has 
been replaced with a cassette containing a selectable kanamycine resistance marker 
via homologous recombination. DNA was prepared from freshly grown cells (1 day 
old). A pinhead amount of cells was added to 25 µl of 0.25% SDS/TE. The cells 
were boiled for 5 minutes, centrifuged to pellet cell debris and the supernatant 
retained. 25 µl PCR reactions were prepared as follows: distilled water to 25 µl, 1 µl 
DNA, 2.5 µl Buffer IV (10 ! stock: 750 mM Tris-HCl pH 8.8, 200 mM (NH4)2SO4, 
0.1% Tween 20), 1.25 µl of 10 mM dNTPs, 3.5 µl of 25 mM MgCl2, 2.5 µl of 10% 
Triton X-100, 0.25 µl each of OKS506/ OKS1856 (100 µM stock), 5 units Taq 
polymerase (Sawin laboratory) and 0.075 units of Pwo polymerase (Sawin 
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laboratory). The following PCR program was used: 1] 2 minutes at 94°C, 2] 30 
seconds at 94°C, 3] 30 seconds at 50°C, 4] 3 minutes at 68°C, 5] Repeat steps 2-4 34 
times, 6] 10 minutes at 68°C. This reaction generated an ~660 bp DNA fragment. No 
bands were seen for a control reaction carried out using template DNA from the 
wild-type strain KS516.  
 
DNA sequencing was used to identify strains that contain mto1-427 when 
constructing KS5067 mto1-427 rlc1-mCherry uch2-mCherry. Selective plating and 
visual screening was used to confirm the presence of both mCherry tagged proteins. 
Colony PCR was then used to amplify the mto1 C-terminus. DNA was prepared from 
freshly grown cells (1 day old). A pinhead amount of cells was added to 25 µl of 
0.25% SDS/TE. The cells were boiled for 5 minutes, centrifuged to pellet cell debris 
and the supernatant retained. 25 µl PCR reactions were prepared as follows: distilled 
water to 25 µl, 1 µl DNA, 2.5 µl Buffer IV (10 ! stock: 750 mM Tris-HCl pH 8.8, 
200 mM (NH4)2SO4, 0.1% Tween 20), 1.25 µl of 10 mM dNTPs, 3.5 µl of 25 mM 
MgCl2, 2.5 µl of 10% Triton X-100, 0.25 µl each of OKS1875/ OKS1138 (100 µM 
stock), 5 units Taq polymerase (Sawin laboratory). The following PCR program was 
used: 1] 2 minutes at 94°C, 2] 30 seconds at 94°C, 3] 30 seconds at 52°C, 4] 90 
seconds at 72°C, 5] Repeat steps 2-4 34 times, 6] 3 minutes at 72°C. This reaction 
generated an ~500 bp DNA fragment. 5 µl of the PCR reaction was run on a 1% 
agarose gel to confirm the PCR reaction had worked. The remaining PCR was used 
for the sequencing reaction. To 6 µl of the remaining PCR product was added 1 µl 
Exonuclease I (NEB) and 1 µl Antarctic phosphatase (NEB). The reaction was 
incubated at 37°C for 15 minutes to degrade excess primer and to cleave 5' 
phosphates. The enzymes were then inactivated by heating at 80°C for 15 minutes. 2 
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µl of this mixture was added to 2 µl Big Dye 3.1 (Applied Biosciences), 5 µl distilled 
water and 1 µl of OKS1876 (6.7 µM stock) and the sequencing reaction was 
performed (96°C for 1 minute, then 25 cycles of: 96°C for 10 seconds, 50°C for 5 
seconds, 60°C for 4 minutes) before samples were sent for sequencing to the 
University of Edinburgh sequencing service. The sequences were then examined to 
identify strains with the mto1-427 substitutions: R1056A, E1059A and E1061A. 
 
Colony PCR was used to distinguish between progeny containing nmt41:GFP-mto1 
and mto1-GFP during construction of SIN mutant strains. The oligonucleotides used 
to identify nmt41:GFP-mto1 had homology to the kanamycin resistance marker 
associated with the respective promoter and to mto1. The second oligonucleotide pair 
recognised a region upstream of mto1 and within the mto1 coding region. DNA was 
prepared from freshly grown cells (1 day old). A pinhead amount of cells was added 
to 25 µl of 0.25% SDS/TE. The cells were boiled for 5 minutes, centrifuged to pellet 
cell debris and the supernatant retained. 25 µl PCR reactions were prepared as 
follows: distilled water to 25 µl, 1 µl DNA, 2.5 µl Buffer IV (10 ! stock: 750 mM 
Tris-HCl pH 8.8, 200 mM (NH4)2SO4, 0.1% Tween 20), 0.5 µl of 10 mM dNTPs, 1.5 
µl of 25 mM MgCl2, 1.25 µl of 20% Triton X-100, 0.125 µl each of OKS506/ 
OKS358 to identify nmt41:GFP-mto1 or OKS506/ OKS503 to identify mto1-GFP 
(100 µM stock), 5 units Taq polymerase (Sawin laboratory), 0.075 units Pwo 
polymerase (Sawin laboratory). The PCR program used was as follows: 1] 2 minutes 
at 95°C, 2] 30 seconds at 95°C, 3] 30 seconds at 45°C, 4] 3 minutes at 72°C, 5] 
Repeat steps 2-4 34 times, 6] 5 minutes at 72°C. This reaction generated an ~1 Kb 
DNA fragment. 20 µl of the PCR reaction was run on a 1% agarose gel.  
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N-terminal gene tagging in S. pombe  
A number of N-terminal truncations of Mto1 were created, where Mto1 was tagged 
with GFP and expressed from the nmt81 promoter. The method used is based on 
techniques described in (Bahler et al., 1998b). Oligonucleotides were used to amplify 
a region of a plasmid pKS715 that contains the sequence for nourseothricin 
resistance, the nmt81 promoter and the GFP tag; these oligonucleotides also have 
homology to mto1, allowing the cassette generated to integrate via homologous 
recombination. The oligonucleotide pair OKS444/ OKS1940 was used to generate 
nmt81:GFP-mto1(801-n) truncations (KS5227 nmt81:GFP-mto1(801-1115), 
KS5293 nmt81:GFP-mto1(801-1051)), with OKS444/ OKS1941 used to generate 
nmt81:GFP-mto1(919-n) truncations (KS5228 nmt81:GFP-mto1(919-1115), 
KS5230 nmt81:GFP-mto1(919-1051)). Two strains were used for the strain 
construction, the wild-type strain KS516 and the KS1957 mto1(1-1051)::ura4+ 
strain so that a single PCR cassette could be used to create truncations of the mto1 
gene that finished at either the 1115 amino acid or 1051 amino acid position, 
depending on which yeast strain the cassette was inserted into. For the strain KS1581 
nmt81:GFP-mto1(481-1115), OKS444/ OKS448 were used to amplify a region of 
plasmid pKS170 that contains the sequence for kanamycin resistance, the nmt81 
promoter and the GFP tag, and the cassette was inserted into the wild-type KS516 
strain.  
 
50 µl PCR reactions were prepared as follows: distilled water to 50 µl, 20 ng of 
plasmid template DNA, 5 µl Buffer IV (10 ! stock: 750 mM Tris-HCl pH 8.8, 200 
mM (NH4)2SO4, 0.1% Tween 20), 2.5 µl of 10 mM dNTPs, 7 µl of 25 mM MgCl2, 
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0.1 µl of each oligonucleotide (100 µM stock), 0.4 units Taq polymerase (Sawin 
laboratory), 7.6 units Pwo polymerase (Sawin laboratory). The PCR program used 
was as follows: 1] 2 minutes at 95°C, 2] 15 seconds at 95°C, 3] 30 seconds at 56°C 
or 60°C, 4] 7 minutes at 72°C, 5] Repeat steps 2-4 29 times, 6] 5 minutes at 70°C. 
This reaction generated an ~3.1 Kb DNA fragment. 0.5 µl of the PCR reaction was 
run on a 1% agarose gel to confirm the reaction was successful. The DNA was then 
cleaned up using phenol/chloroform/isoamyl (PCI). 0.5 ml of PCI solution (25:24:1) 
was added to an equal volume of PCR product, vortexed, centrifuged for 5 minutes at 
13K rpm and the supernatant recovered. This step was repeated first with PCI and 
then with chloroform alone. One-tenth volume of 3 M NaOAc was added to the final 
recovered supernatant, and two volumes of ethanol. This mixture was then 
centrifuged at 4°C for 10 minutes at 13K rpm. The pellet was washed with 1ml 70% 
ethanol and centrifuged for 5 minutes at 13K rpm. The pellet was then air-dried and 
resuspended in TE (10 mM Tris pH 7.5, 1 mM EDTA). Samples of the purified DNA 
were run on an agarose gel to estimate the DNA concentration. 
 
The DNA cassettes were then transformed into yeast. Cultures were grown to mid-
exponential growth, with 20 ml of culture used per transformation. Cells were 
harvested by centrifugation for 5 minutes at 3K rpm. The cells were then washed in 
an equal volume of distilled water, spun again before being re-suspended in 1 ml of 
1M LiOAc pH7.5/TE. The cells were centrifuged for 1 minute at 13K rpm, 
resuspended to 2 x 10
9
 cells in 1M LiOAc pH7.5/TE and dispensed into 100 µl 
aliquots. ~20 µg of purified PCR product was used per transformation and incubated 
for 10 minutes at room temperature. 260 µl of freshly prepared PEG3350/LiOAc/TE 
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was added and gently pipetted to mix before incubating at room temperature for 30 
minutes. 43 µl of DMSO was then added and the cells heat shocked for 5 minutes at 
42°C. They were then centrifuged for 1 minute at 13 000 rpm and washed with 1 ml 
of distilled water. Finally cells were resuspended in 400 µl distilled water and plated 
to 2 x YE5S plates. Incubate plates at 32°C overnight, replica plate to YE5S/ 
appropriate antibiotic plates (nourseothricin: 100 µg/ml or G418: 100 µg/ml), grown 
for 2 days then replica plated to fresh YE5S/ antibiotic plates and incubated 
overnight. Colonies were streaked to YE5S, incubated for 2 days and then replica 
plated to YE5S/ antibiotic plates to check stable integration.   
 
Colony PCR was used to check that the cassettes had integrated at the correct 
position in the genome, using oligonucleotides with homology to the GFP tag and to 
mto1. DNA was prepared from freshly grown cells (1 day old). A pinhead amount of 
cells was added to 25 µl of 0.25% SDS/TE. The cells were boiled for 5 minutes, 
centrifuged to pellet cell debris and the supernatant retained. 25 µl PCR reactions 
were prepared as follows: distilled water to 25 µl, 1 µl DNA, 2.5 µl Buffer IV (10 ! 
stock: 750 mM Tris-HCl pH 8.8, 200 mM (NH4)2SO4, 0.1% Tween 20), 0.5 µl of 10 
mM dNTPs, 1.5 µl of 25 mM MgCl2, 1.25 µl of 20% Triton X-100, 0.125 µl each of 
forward and reverse oligonucleotides (100 µM stock), 5 units Taq polymerase 
(Sawin laboratory), 0.075 units Pwo polymerase (Sawin laboratory). The 
oligonucleotides OKS506/ OKS358 were used for to test KS1581 and OKS358/ 
OKS1796 for all other strains. OKS506 has homology to the KanMx region of the 
PCR cassette, OKS1796 to the NatMx region and OKS358 has homology to 
sequence upstream of mto1. The PCR program used was as follows: 1] 2 minutes at 
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94°C, 2] 30 seconds at 94°C, 3] 30 seconds at 47°C, 4] 3.5 minutes at 68°C, 5] 
Repeat steps 2-4 34 times, 6] 10 minutes at 68°C. This reaction generated an ~1.3 Kb 
DNA fragment (~800 bp for KS1581). 5 µl of the PCR reaction was run on a 1% 
agarose gel.  
 
Expression was further confirmed using PAGE on an 8% acrylamide gel to run 
boiled extracts prepared from the strains (using the standard protocol described 
below), followed by Western blotting using anti-GFP at 1:300 (3.0, Sawin 
laboratory). The strains were then imaged using wide field microscopy to further 
check the expression of the tagged protein and to determine the localisation of the 
truncated mto1 alleles. 
 
Plasmid shuffle system 
Sub-cloning was used to construct the Pcp1 plasmids used in the plasmid shuffle 
system. pKS310 contains a 9.5 Kb genomic region encompassing the pcp1 gene in 
the pBSKS vector. A 7.6 Kb section was excised using XbaI/XholI, the fragment 
blunted and 'tailed' by the T4 polymerase mediated addition of nucleotides. This 
fragment was then inserted into pGEM-T (Promega). The fragment could insert in 
two distinct orientations relative to the different multiple cloning regions present on 
either side of the insertion site. From one orientation, a fragment of pcp1 containing 
the promoter region and the coding region was sub-cloned into pUR19 using a SalI 
site present in pGEM-T and a HpaI site present downstream from the pcp1 stop 
codon, to create pKS477. The alternative orientation was used as a basis for 
constructing the second plasmid. This plasmid was designed to have coding region 
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under the control of the endogenous promoter, with a carboxyl-terminus GFP tag. 
First the final 800 nucleotides of the pcp1 cloning sequence were amplified by PCR. 
This fragment was subcloned into pGEM-T-pcp1 using a BglII site present in pcp1, 
and a SalI site introduced during the PCR. This created new plasmid where the insert 
finished at the end of the pcp1-coding region with the stop codon removed. Then the 
promoter and the coding region were subcloned into pALKS-GFP using ApaI/SalI 
sites to create pKS480. pKS477 has a URA3 selectable marker and pKS480 has a 
LEU2 marker. Pcp1 is expressed under the control of the endogenous promoter as 
over expression of Pcp1 has been shown to lead to the formation of super-numerary 
SBP-like structures (Flory et al., 2002). pKS477 was used to generate the haploid 
pcp" strain KS2973 with the genomic deletion 'covered' by a plasmid-based copy of 
pcp1. The construction of this strain is described in the text.  
 
Yeast two-hybrid screening  
The bait plasmid pKS481 pBTM116-mto1(769-1115) was used in the yeast two-
hybrid screen and was constructed by digesting pKS282 pGEM-T.Mto1 with NruI 
and Not1 and inserting the fragment released into the two-hybrid LexA bait vector 
pBTM116 and transformed into the S. cerevisiae test strain KS3048 L40"gal. 
Expression of the bait protein was confirmed via Western blotting of yeast protein 
extracts with both anti-LexA (Santa Cruz, sc-7544) and anti-Mto1 (Sawin laboratory, 
S897). A meiotic S. pombe library (KS158, the kind gift of T Nakamura, Osaka City 
University, Japan) was sequentially transformed into the bait-plasmid containing 
strain. This library contains ~ 1 million independent cDNA fragments inserted into 
the prey vector pGAD424. The transformation method used is based on that 
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described by Gietz and Woods, 2006. A 250 ml culture of L40"gal containing 
pKS481 was grown overnight at 30°C in minimal medium lacking tryptophan. This 
culture was used to inoculate a 250 ml culture of pre-warmed YPDA to reach mid-
exponential growth after ~ 4 hrs. Cells were harvested by centrifuging 50 ml aliquots 
for 5 minutes at 3 000 rpm, re-suspending in 25 ml dH2O, centrifuging as before, 
before re-suspending in 1 ml dH2O and centrifuged for 2 minutes at 3 000 rpm 
before removing the supernatant. The cells were then resuspended in 3.4 ml 
transformation mix (2.4 ml PEG
3350
, 360 µl 1M LiOAc, 90 µl dH2O with 500 µl of 
carrier DNA (Salmon Testes DNA, Sigma, 2 mg/ml in TE (10 mM Tris-HCl pH8.0, 
1 mM EDTA) boiled for 5 minutes and cooled on ice before it was added to the 
transformation mix). 50 µl of the meiotic cDNA library was added to each 
transformation reaction and the transformation reactions vortexed for 30 seconds. 
The reactions were then heat shocked for 20 minutes at 42°C, inverting the tubes 
every 5 minutes to re-distribute the mixture. The reactions were centrifuged for 2 
minutes at 3 000 rpm, re-suspended in 1 ml dH2O and finally 100 µl of cell 
suspension plated to selective medium lacking tryptophan (to select for the bait 
plasmid), leucine (to select for the prey plasmid) and histidine. Plates were incubated 
at 30°C. 10 µl of cell suspension was plated to selective medium lacking tryptophan 
and leucine to estimate the efficacy of the transformation. ~3.4 x 10
6
 prey plasmids 
were screened for Mto1(769-1115)-interacting clones. Interaction was determined by 
induced expression of both His and LacZ reporter genes. To identify expression of 
the LacZ reporter gene, an X-gal overlay assay was performed (Fromont-Racine et 
al., 2002). For each agar plate 10 ml of overlay mixture heated to 50°C was added 
directly onto the plate surface (5 ml 0.5 M Na2HPO4 pH 7.5, 4.7 ml 1% (w/v) agar, 
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200 µl 2% w/v) X-Gal in dimethylformamide (DMF), 100 µl 10% (w/v) SDS). Plates 
were checked after 23 hrs at 30°C. In colonies expressing LacZ 5,5'-dibromo-4,4'-
dichloro-indigo is produced and the colonies become blue; positive colonies were 
then picked through the overlay agar using toothpicks.  
 
Interacting plasmids were sequenced to identify the gene they contained. Colony 
PCR was used to amplify the inserts of prey plasmids to be identified. DNA was 
prepared from freshly grown cells (1 day old) as follows. A repeat pipettor was used 
to add 25 µl of 0.25% SDS/TE to the wells of a 96-well plate. A pinhead quantity of 
cells was added to each well and the plate boiled for 5 minutes. The plate was then 
centrifuged to pellet cell debris and 20 µl of the supernatant for each sample retained. 
This DNA was used in PCR reactions. For each 25 µl PCR reaction the following 
was prepared: distilled water to 25 µl, 1 µl DNA, 2.5µl Buffer IV (10 ! stock: 750 
mM Tris-HCl pH 8.8, 200 mM (NH4)2SO4, 0.1% Tween 20), 1.25µl of 10 mM 
dNTPs, 3.5 µl of 25 mM MgCl2, 2.5 of 10% Triton X-100, 0.25 µl each of 
OKS1111/ OKS1112 (100 µM stock), 1 units Taq polymerase (Sawin laboratory). 
The following PCR program was used: 1] 2 minutes at 94°C, 2] 20 seconds at 94°C, 
3] 30 seconds at 50°C, 4] 2 minutes at 74°C, 5] Repeat steps 2-4 34 times, 6] 10 
minutes at 74°C. Colony PCR was also used to specifically identify (and exclude) 
prey plasmids that contained the his5+ gene. This was performed as above, 
substituting oligonucleotides OKS1123/ OKS1124. Where the prey insert was not 
amplified by the first round of PCR, colony PCR was repeated using different 
oligonucleotides (OKS113/114), increasing the extension time to 6 minutes and 




5 µl of the PCR was run in a 1% agarose gel to confirm the PCR. The remaining 
PCR product was used for sequencing reactions, To 6 µl of the PCR product was 
added 1 µl ExoI (NEB) and 1 µl Antartic phosphatase (NEB) to degrade excess 
oligonucleotides and cleave 5' phosphates. No additional buffer was required. The 
mixture was incubated at 37°C for 15 minutes, then heated to 80°C for 15 minutes to 
inactivate enzyme activity. The DNA was then used directly for sequencing. 2 µl of 
DNA was added to 2 µl of Big Dye 3.1 (Applied Biosystems), 1 µl of OKS1113 (6.7 
µM stock) and 5 µl 'better buffer' (20 mM Tris-HCl pH8.0, 5 mM MgCl2). The 
sequencing reaction was performed as follows: 96°C for 1 minute, then 25 cycles of: 
96°C for 10 seconds, 50°C for 5 seconds, 60°C for 4 minutes and samples were sent 
for sequencing to the University of Edinburgh sequencing service. The sequence was 
then identified by BLAST search of the NCBI database.  
  
To retrieve prey plasmids from S. cerevisiae, cultures were grown in selective 
medium minus leucine for 2-3 days at 30°C. 1 ml of culture was then centrifuged for 
30 seconds at 13 000 rpm and the cell pellet was resuspended in 100 µl lysis buffer 
(2.5 M LiCl, 50 mM Tris-HCl pH 8.0, 4% Triton X-100, 62.5 mM EDTA). The 
samples were bead beaten with zirconium beads for 2 x 30 seconds at setting 5.0. A 
hole was pierced in the bottom of each tube and the liquid collected into a second 
tube by brief centrifugation. The plasmid DNA was then purified using a Qiagen 
Miniprep kit, eluting in 30 µl buffer EB provided. The plasmid DNA was then 
transformed into XL1-blue E. coli cells. 50 - 100 µl of cell suspension was added to 
the eluted DNA and the cells incubated for 30 minutes on ice before a 90 second heat 
 56 
shock was applied at 42°C. The cells were returned to 4°C for 5 minutes, 1 ml LB 
media added, then incubated at 37°C for 1 hr prior to plating to selective media.  
Colony PCR using oligonucleotides with homology to the GAL4 activation domain 
was then used to distinguish between bacterial colonies containing prey and bait 
plasmids. For each reaction: distilled water to 25 µl, 2.5µl Buffer IV(10 ! stock: 750 
mM Tris-HCl pH 8.8, 200 mM (NH4)2SO4, 0.1% Tween 20), 0.5 µl of 10 mM 
dNTPs, 1.5 µl of 25 mM MgCl2, 2.5 of 10% Triton X-100, 0.125 µl each of 
OKS1249/ OKS1250 with homology to the GAL4 activation domain (100 µM 
stock), 1.8 units Taq polymerase (Sawin laboratory) and 0.01 units Pwo polymerase 
(Sawin laboratory). The PCR program used was: 1] 5 minutes at 95°C, 2] 15 seconds 
at 95°C, 3] 30 seconds at 50°C, 4] 2 minutes at 72°C, 5] Repeat steps 2-4 34 times, 
6] 5 minutes at 72°C, producing a 400 bp product. Template DNA was provided by 
inserting a pipette tip into the bacterial colony of interest and dipping it into the PCR 
reaction mix.  
 
Plasmids containing a series of mto1 C-terminal truncated at different points within 
the Mto1 localising region were created to test whether this region was required for 
interaction with genes that had previously interacted with Mto1(769-1115). These 
plasmids are pKS507 pBTM116-mto1(769-1051), pKS759 pBTM116-mto1(769-
1065), pKS760 pBTM116-mto1(769-1075), pKS762 pBTM116-mto1(769-1095) and 
pKS918 pBTM116-mto1(769-1085). PCR was used to amplify the required regions 
of mto1 using oligonucleotides that introduced SmaI and SalI restriction sites at the 
5' and 3' ends of the fragments respectively. Each fragment was ligated into pGEM-
T, sequenced, and digested with SmaI and SalI, prior to insertion into pGAD424. 
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Expression was confirmed by Western blotting using anti-Mto1(Sawin laboratory, 
S897).  
 
To map the region of Cdc11 required for interaction with Mto1 in S. cerevisiae 
L40!gal, a series of plasmids (pKS752-758) containing fragments of cdc11 were 
constructed. PCR was used to amplify the required regions of cdc11 using 
oligonucleotides that introduced SmaI and BamHI restriction sites at the 5' and 3' 
ends of the fragments respectively. Each fragment was ligated into pGEM-T and 
sequenced, then digested with SmaI and BamHI and sub-cloned into pGAD424. The 
presence of each insert was confirmed using colony PCR. 
 
A number of prey plasmids containing candidate genes to test for interaction with 
Mto1 were constructed using the Gateway system (Invitrogen). pDONR201 donor 
vector plasmids were obtained from the ORFeome collection ((Matsuyama et al., 
2006)).  myp2 and rng3 were recombined into pACT2.2gtwy using LR II 
recombinase to form pKS873 and pKS872. pACT2.2gtwy contains the Gal4 
activation domain followed by a HA tag and has the LEU2 selectable marker. The 
donor plasmids used for spn1 and cdc4 were the kind gift of Hiro Yamano, Marie 
Curie Research Institute, UK and contained cDNA sequence rather than genomic 
gene sequence, as these genes contain introns. spn1 and cdc4 were also inserted into 
pACT2.2gtwy to give pKS915 and pKS916. Successful recombination was confirmed 
by restriction digest.  
 
cdc12 was inserted into pGAD424 to test for interaction with Mto1. The reading 
frame of pGAD424 was shifted by the insertion of a linker region formed from two 
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oligonucleotides into the multiple cloning site. pGAD424 was digested with EcoRI 
and SalI, gel purified then ligated in the presence of OKS1314 and OKS1315 to 
create pGAD424-1. Insertion of the linker region was confirmed by sequencing. 
pGAD424-1 (pKS630) was then digested with BamHI and SalI and cdc12 excised 
from pUR19.nmt1.cdc12 using BamHI and XhoI was inserted. Insertion was 
confirmed by colony PCR and restriction digest.   
 
Semi-quantitative assays of $-galactosidase expression were carried out using 2-
nitrophenol-$-D-galactopyranoside (ONPG; Sigma) as a substrate. 5 ml cultures in 
appropriate selective media were grown overnight at 30°C, before being diluted 1:5 
in YPD medium. The diluted cultures were grown for 3-5 hrs at 30°C until they 
reached OD600 0.5-0.8. When cultures had reached the appropriate OD, 1.5 ml of 
each sample was centrifuged at 13 000 rpm for 30 seconds and the cell pellets 
resuspended in 1.5 ml of Z buffer (60 mM Na2HPO4.2H2O, 40 mM NaH2PO4.2H2O, 
100 mM KCl, 100 mM MgSO4.7H2O, adjusted to pH 7.0) and centrifuged at 13 000 
rpm for 30 seconds. The supernatant was removed and the cell pellet resuspended in 
300 µl of Z buffer. Two samples of 100 µl were taken from this and snap-frozen in 
liquid nitrogen before being thawed by heating to 37°C. This freeze-thaw cycle was 
repeated twice more and 700 µl Z buffer with 270 µl 2-mercaptoethanol per 100 ml Z 
buffer was added to each tube. 160 µl of ONPG (4 mg/ml in Z buffer) was then 
added to the tubes. The samples were incubated at 30°C. Samples were inspected 
regularly for the appearance of a yellow colour; when this colour appeared in one 
sample, 400 µl of 1 M Na2CO3 was added to all the samples. Tubes were 
centrifuged for 10 min at 13 000 rpm to pellet cell debris and the OD420 measured 
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relative to a blank control sample. Samples were adjusted so that the readings were 
within OD420 0.02-1.0, to be within the linear range of the assay and the adjustment 
added in to the concentration factor used to for calculating $ -galactosidase units. $ -
galactosidase units = 1 000 x OD420/(t x V x OD600) where t = elapsed time (in min) 
of incubation, V = 0.1 ml x concentration factor and OD600 = A600 of 1 ml of culture.  
    
 
Microscopy 
Equipment and image analysis 
 
Wide-field microscopy used a Nikon 100x/1.40 NA Plan Apo objective on a Nikon 
TE300 inverted microscope. This was connected to a Coolsnap HQ CCD camera 
(Photometrics). For spinning-disc confocal microscopy, a Nikon 100x/1.45 NA Plan 
Apo objective was used on a Nikon TE2000 inverted microscope, connected to a 
Yokogawa CSU-10 spinning disc confocal head (Visitech) and a Coolsnap HQ CCD 
camera. Image acquisition, processing and analysis were carried out using 
Metamorph software (Molecular Devices). Maximal projections are shown for all 
imaging. Microscope images were adjusted using only linear contract enhancement 
with Metamorph (Molecular Devices) or Photoshop (Adobe) software. Time-lapse 
images to compare samples were imaged under identical illumination conditions; the 
brightness and contrast was later scaled using consistent values to allow accurate 
comparisons to be made. 
 
Mto1 localisation to the equator 
To examine whether Mto1 localisation to the equator requires actin, KS3692 hht2-
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GFP nmt81:GFP-mto1(784-1115) cells were treated with Latrunculin B (to 100 µM, 
20 mM stock solution, Calbiochem) or DMSO (solvent, equal volume) for 30 
minutes at 25°C prior to imaging by wide field microscopy.   
 
PAA formation in Myp2! cells 
Time-lapse wide-field microscopy was used to examine PAA formation in myp2 and 
myp2" cells expressing GFP-atb2 under the control of the nmt81 promoter. Cells 
were grown in minimal medium at room temperature (25°C). 1 µl of pelleted cells 
resuspended in a little media was spotted on to an EMM/ 2% agarose pad on a 
standard microscope slide before imaging. 7 z-sections, 0.6 µm apart were acquired 
at 30-second intervals using Metamorph software. Video sequences were 
deconvolved using the Softworx (Applied Precision) and maximum projections were 
used for movies at 10 frames per second (300-fold increase in speed) using 
Quicktime 7.4.1 (Apple) and H.264 video compression. Image stills also show 
deconvolved maximal projections.   
 
nda3-KM311 arrest  
To observe whether Mto1 was present at the equator during nda3-KM311 arrest 
using immunostaining, nda3-KM311 cells were grown in YE5S media for 9 hrs at 
18°C. Samples were collected prior to the transfer to the permissive temperature and 
10 and 20 minutes after transfer to the permissive temperature of 36°C. Samples 
were collected for immunofluorescence using rapid filtration, the filter then being 
immersed into cold (-80°C) methanol. Samples were further processed by washing 
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twice in 1 ml PEM (0.1 M NaPipes pH6.8, 1 mM EGTA, 1 mM MgCl2), the cell wall 
digested by incubation with 1 ml freshly prepared PEMS (PEM + 1.2 M sorbitol) 
with 1 mg/ml zymolysase (ICN) for 30 minutes – 1hr at 37°C. Digestion was 
confirmed by mixing a sample of cells with 10% SDS and observing loss of 
refractility using phase contrast microscopy. Cells were then washed twice with 
PEM, once with PEM + 1% Triton X-100, and washed twice more with PEM, before 
being incubated with PEMBAL (PEM + 1% BSA, 0.1% NaN3, 100 mM lysine 
(monohydrochloride)), rotating, for 1 hr. Anti-tubulin staining used the TAT1 
antibody (Woods et al., 1989), kindly provided by Prof. Keith Gull (Oxford 
University), at 1:40 dilution, followed by extended (1 – 2 hr) washes in 500 µl 
PEMBAL. Alexa 488 labelled donkey anti-mouse secondary antibody (Molecular 
Probes Europe BV) was used at 1:50 dilution, followed by three further extended 
washes with PEMBAL. Samples were re-processed for staining with anti-Mto1 
(Sawin laboratory, anti-mod20 B, affinity purified against C-terminus of Mto1) using 
the blocking solution KOM1 (100 mM NaPIPES (pH 6.8), 1 mM MgCl2, 2% nonfat 
milk, 100 mM lysine (monohydrochloride) 5% glycerol and 0.05% NaN3) to give 
low fluorescent background. KOM1 was filter-sterilized before use to remove 
precipitated milk protein.  The secondary antibody used was Alexa 568 donkey anti-
sheep (Molecular Probes Europe BV) at 1:30 dilution. Cells were then observed 
using wide field microscopy. The experiment was then repeated as before, with an 
extra time point taken 30 minutes after the transfer to 36°C and sampling wild-type 
cells grown in YE5S media for 9 hrs at 18°C. Cells were immunostained as 
previously, and also stained with DAPI (4,6-diamino-2-phenylindole, 1µg/ml). For 
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imaging, cells were spun onto coverslips previously coated with poly-L-lysin (10 
mg/ml).   
 
To observe whether Mto1 was present at the equator during nda3-KM311 arrest 
using live cells, cultures were grown in YE5S media for 9 hrs at 18°C. KS4939 
nmt41:GFP-mto1 nda3-KM311 rlc1-mCherry cells and the control strain KS4942 
nmt41:GFP-mto1 rlc1-mCherry were then centrifuged in a chilled centrifuge (18°C) 
to pellet cells. Images were then taken at room temperature. For strain KS4939 the 
culture was also warmed in a shaking water bath (36°C) to release the arrest. Cells 
were centrifuged in a centrifuge to pellet cells and the slide placed on a pre-heated 
block while being transported to the microscope. Imaging was carried using a wide 
field microscope fitted with an objective heater (Bioptechs) set at 36°C.  
 
Imaging of temperature-sensitive mutant strains   
To study the accumulation of cut cells over time for strains with mutations in the 
anaphase promoting complex, cultures were grown in YE5S media at 25°C until they 
reached mid-exponential growth and were then transferred to 36°C. A sample of 
each culture was collected by rapid filtration and fixed in -80°C methanol every 30 
minutes before being stained with DAPI stain (1µg/ml) and calcofluor (50 µg/ml, 
Sigma F-6259) to stain the nucleus and septum.  
 
To study nuclear accumulation in strains with mutations in the septation initiation 
network, cultures were grown in minimal media at 25°C until they reached mid-
exponential growth and were then transferred to 36°C. At 30-minute intervals a 
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sample of each culture was collected and fixed with formaldehyde (133 µl 30% 
formaldehyde solution was added to 1 ml of culture and left for 1 hr at room 
temperature. Cells were washed three times in an equivalent volume of PEM (0.1 M 
NaPipes pH6.8, 1 mM EGTA, 1 mM MgCl2) extracted for 30 seconds with PEM/1% 
Triton X-100 and washed three additional times in PEM. 300 U of Alexa fluor 568 
phalloidin (Molecular Probes Europe BV) was re-suspended in 1.5 ml methanol. 15 
µl aliquots were evaporated using a speed-vacuum and stored at -80°C. To stain 
cells, 7 µl was added to a 1%l pellet of fixed, extracted cells. 0.5 %l of the stained 
cells were then mixed with 2.5 %l PEM and placed on a microscope slide for 
imaging. Cells were co-stained with DAPI (1µg/ml). 
   
Time-lapse spinning-disc confocal microscopy was used to determine the effect of 
regulatory pathways on Mto1 localisation. Cultures of temperature-sensitive SIN and 
APC strains were grown to mid-exponential growth at the permissive temperature 
(25°C) before being transferred to the restrictive temperature. APC mutant strains 
were grown in YE5S media. SIN mutant strains expressing GFP-atb2 were grown in 
EMM and SIN mutants strains expressing GFP-Mto1 were grown in EMM + 15 µM 
thiamine to repress the expression of GFP-Mto1 from the nmt41 promoter. Imaging 
at the restrictive temperature was carried out using the Delta T system (Bioptechs). 
The Delta T system uses thermal transfer from the surface of the slide directly to the 
sample, in contrast to other methods that use peripheral heating. Agarose pads were 
pre-cast onto 19 mm diameter coverslips, by sandwiching ~16 µl of 2% agarose 
dissolved in the appropriate media in-between two coverslips separated with scotch 
tape. This was left to set and the coverslips were later separated by sliding them 
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apart. Cells were collected from the culture at the restrictive temperature and 
centrifuged for ~10 seconds in a pre-warmed eppendorf tube to pellet cells. Care was 
taken throughout to keep cells at the appropriate temperature to maintain the arrest 
state. The tube was immediately replaced in a metal heat block heated to the 
appropriate temperature and taken to a heated room (37°C) where slide construction 
took place. 1 µl of pelleted cells resuspended in a little media was spotted onto the 
agarose pad on the coverslip, and the coverslip then gently laid onto the Delta T 
slide. The finished slide was placed into a metal carrying chamber (shown in Figure 
7) to maintain the temperature as the slide was taken from the heated room to the 
slide. The Delta T slide is then mounted on the confocal microscope using an 
adaptor. An objective heater (Bioptechs) was also used in conjuncture with the Delta 
T system. 8 z-sections, 0.6 µm apart were acquired at either 30- or 60-second 
intervals. 
 
Preliminary time-lapse microscopy to study Mto1 localisation in wild-type and 
cut4.533 strains after 2 hrs at the restrictive temperature used lectin to attach cells 
directly to the Delta T slide. 5 µl of lectin solution (0.3 mg/ml in water, Sigma 
L1395) was added to the slide surface. 5 µl of pelleted cells resuspended in a little 
media were mixed with the lectin and the suspension spread over the surface of the 
slide using a pipette tip. This was left for 3 min at 37°C to allow cells to adhere to the 
glass. The slide was then rinsed with 3 x 1 ml pre-warmed media, 1 ml pre-warmed 
media was added to the slide and the slide placed into the metal carrying chamber for  
 
Figure 7  Pre-warmed chamber for Delta T slide 
transportation  
Metal carrying chamber used to maintain cells at the restrictive 
temperature during transport to the microscope. The chamber is 
pre-warmed to the desired temperature and Delta T slides fit 
tightly inside.    
65 
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transport to the microscope as before. Cell density is significantly improved using 
agarose pads, compared to this method.  
 
Imaging of Mto1-GFP localisation during cps1-191 arrest also used the Bioptechs 
system described above in association with the confocal microscope to maintain 
samples at the restrictive temperature. Cultures were grown at 25°C until they 
reached mid-exponential growth and then shifted to the 36°C for 2hr 45 minutes to 
induce arrest. Slides were prepared as described above, and imaging started from 3 
hrs after the shift to 36°C. Settings used: 488 nm laser, 800 ms at 35% power, bin 2, 
8 x 0.6 µm sections. A sample of each culture was collected by rapid filtration and 
fixed in -80°C methanol before being stained with Hoechst stain 33342 (1 µg/ml) to 
confirm the arrest based on the accumulation of binucleate cells. Images were 
identically adjusted to allow direct comparison.  
 
Measuring CAR position 
To determine the role of the PAA in centring the CAR the strains KS5065 mto1-427 
rlc1-mCherry uch2-mCherry and KS5067 rlc1-mCherry uch2-mCherry were 
imaged. The position of the CAR in binucleate cells was determined by measuring 
from the CAR to each cell tip using the Metamorph software calliper tool. These 
measurements were used to calculate the displacement value of the CAR by dividing 
the shorter of the two distances between the CAR and the cell tips by the total cell 
length i.e. a/ (a+b) where a and b = distance from CAR to the cell tips, where a<b. 50 
cells were measured for KS5065 mto1-427 rlc1-mCherry uch2-mCherry and KS5067 
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rlc1-mCherry uch2-mCherry. The displacement values were ordered according to 
increasing value and the results graphed. 
 
Biochemical methods 
Tandem affinity purification 
Native extracts for tandem affinity purification were prepared from cell pellets 
frozen in liquid nitrogen then ground to a powder. 135 g of cell powder for each 
strain was resuspended in 270ml LBN buffer (15 mM Na2HPO4, 10 mM NaH2PO4, 
150 mM NaCl, 2 mM EDTA, 1 mM DTT, 2 mM benzamidine, 1 mM PMSF, 2 mM 
AESBF, 5 µg/ml chymostatin, leupetin, antipain, aprotinin, pepstatin, E64). NP-40 
was added to 1% final concentration before 10 minutes incubation at 4°C. The 
extract was centrifuged at 4 000rpm for 10 minutes at 4°C) to remove insoluble 
cellular debris, the supernatant retained and re-centrifuged. 10 µl of pre-equilibrated 
fractogel IgG beads (Sawin laboratory) were added per 2 g of cell powder to the 
clarified extract, followed by rotating incubation for 1.5 hrs at 4°C. The extract was 
then loaded on to a 25 ml disposable column (Bio-Rad) and washed with 5 x 15 ml 
WBN (25 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% NP-40, 1 mM DTT). The 
fractogel beads were then recovered in 5 ml TEV cleavage buffer (25 mM Tris-HCl 
pH 8.0, 150 mM NaCl, 0.1% NP40, 0.5 mM EDTA, 1 mM DTT). 500 µl of TEV 
(Sawin laboratory) was added, the slurry incubated with end-over-end rotation for 2 
hrs at 4°C and the supernatant recovered by centrifugation. S-protein agarose 
(Novagen) pre-equilibrated in WBN was added to the supernatant, using 1 µl of S-
protein agarose per gram of starting cells, then incubated with end-over-end rotation 
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for 1.5 hrs at 4°C. The S-protein agarose was recovered by centrifuging at 2 000rpm 
for 30 seconds at 4°C, and loaded onto a 5 ml disposable column (Bio-Rad), washed 
with 3 x 4 ml WBN, then transferred to an eppendorf tube and washed with 2 x 1 ml 
WBN without NP40. Material was eluted from the beads using 50µl Laemmli sample 
buffer (2% SDS, 10% glycerol, 0.125 M Tris-HCl pH 6.8, 0.002% bromophenol 
blue, 5% 2-mercaptoethanol), boiled for 5 minutes.  3 µl of each sample was run on 
an 8% poly-acrylamide gel. The gel was silver stained using the Invitrogen 
SilverQuest silver staining kit. The remainder of the sample was given to Flavia de 




Native extracts for immunoprecipitation were prepared from cell pellets frozen in 
liquid nitrogen then ground to a powder. Extracts were made with extract buffer 
(50mM NaHepes pH 7.5, 75mM KCL, 1mM MgCl2, 1mM EGTA, 0.5mM DTT, 
0.1% Triton X-100, and protease inhibitors: 5µg/ml CLAAPE, 2mM AEBSF, 1mM 
benzamidine); 1ml buffer was added to ~500mg of ground cells. Each sample was 
vortexed to resuspend the cell powder, centrifuged (13 000 rpm for 15 minutes at 
4°C,) to remove insoluble cellular debris, the supernatant retained and if necessary 
adjusted to equivalent protein concentrations. 10µl of Protein G Dynabeads 
(Invitrogen) pre-loaded with 3µl anti-GFP antibody (Sawin laboratory, 3.0) was 
added to 950µl of protein extract. Following incubation with rotation for 1hr at 4°C, 
beads were washed six times with 1ml of extract buffer and resuspended in Laemmli 
sample buffer prior to SDS-PAGE and Western blotting.  Relative loading is 
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described in figure legends of respective figures.  NuPAGE 4 - 12% pre-cast Bis-Tris 
gels were used to optimise the transfer of the large Myp2-YFP protein. Ponceau 
staining was used as a loading control and to confirm even transfer in the region of 
interest. Membranes were blocked in a solution of 5% skim milk powder/ TBS/ 
0.01% Tween-20 for 1 hr, then incubated in primary antibody diluted in the same 
solution (anti-Mto1 1:2000 (Sawin laboratory, S897) or anti-GFP 1:300 (Sawin 
laboratory, 3.0)) for 1 hr prior to washing three times with 0.01% Tween-20/ TBS. 
The membranes were then incubated with secondary antibodies (anti-sheep 1:10 000) 
and washed three times in 0.01% Tween-20/ TBS before development with ECL.   
 
Samples for co-immunoprecipitation experiments using cps1-191 mitotic arrest were 
grown at 25°C until they reached mid-exponential growth before being transferred to 
36°C for 3 hrs. A sample of each culture was collected by rapid filtration and fixed in 
-80°C methanol before being stained with Hoechst 33342 (1 µg/ml) or DAPI stain 
(1µg/ml) to confirm the arrest based on the accumulation of binucleate cells. 
Membranes imaged using the Li-Cor system were blocked in a solution of 5% skim 
milk powder/ TBS/ 0.01% Tween-20 for 1 hr, then incubated in primary antibody 
diluted in the same solution (anti-Mto1 1:2000 (Sawin laboratory, S897) or anti-GFP 
1:300 (Sawin laboratory, 3.0), for each also co-straining for anti-tubulin TAT1 
1:1000 (kind gift of Keith Gull, University of Oxford, UK)) for 1 hr prior to washing 
three times with 0.01% Tween-20/ TBS. The membranes were then incubated with 
secondary antibodies (IRDye 680 anti-goat 1:10 000 (Li-Cor)/ IRDye 800 anti-
mouse 1:20 000  (Li-Cor)), then washed twice in 0.01% Tween-20/ TBS with a final 
wash in TBS prior to scanning.  
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To correct for variations in loading of cell extracts, intensity readings for proteins in 
the cell extract were adjusted relative to KS4680 (the sample with the most protein 
loaded), based on quantification of tubulin using the TAT-1 antibody. The respective 
tubulin readings were divided by 32.4 (the amount of tubulin present for KS4680), 
then the readings for Mto1 were in turn divided by this number. For example, for 
KS4957 cps1-191 myp2-YFP mto1-427 the amount of tubulin loaded was 29.07 
intensity units. 29.07/32.4 = 0.897. The amount of Mto1 co-immunoprecipitated was 
72.06 intensity units. 72.06/0.897 = 80.31 intensity units of Mto1, correcting for 
loading variations.  
 
Boiled protein extracts from yeast  
5ml cultures were grown overnight to mid-exponential growth in appropriate media. 
The cultures were centrifuged for 5 minutes at 4 000 rpm to pellet cells, the 
supernatant removed and the cell pellet resuspended in 1ml TBS/ 1 mM EDTA/ 
2mM PMSF. The samples were then centrifuged for 1 minute at 13 000 rpm, the 
supernatant removed and the cell pellets boiled for 5 minutes. The samples were 
bead beaten with zirconium beads for 2 x 30 seconds. A hole was pierced in the 
bottom of each tube and the liquid collected by brief centrifugation into a second 
tube containing 150µl 2x laemmli sample buffer (2% SDS, 10% glycerol, 0.125 M 
Tris-HCl pH 6.8, omitting $-mercaptoethanol and bromophenol blue). The samples 
were then boiled for 5 minutes and centrifuged for 5 minutes at 13 000 rpm to 
remove insoluble cell debris. Protein concentration was determined via BCA assay 





To raise antibodies against Alp4 and Alp6 the amino and carboxyl termini of these 
proteins were sub-cloned into GST-expression vectors as follows. To sub-clone the 
amino terminus of alp6, the region alp6(1 - 1165)  was excised from pKS410 pGEM-
T.alp6 using BamHI and Sal1, and inserted into the pGex-5x-3 vector digested with 
BamHI and Sal1 to create pKS739.  To sub-clone the carboxyl terminus of alp6, the 
region alp6(1311 - 2448) was excised from pKS410 pGEM-T.alp6 using a second 
SalI site present in Alp6 and also Not1. The fragment was inserted into pGex-5x-3 
digested with BamHI and Sal1 to create pKS740. The amino terminus of alp4 was 
sub-cloned from pKS403 pGEM-T.alp4. Alp4(1-1041) was excised with BglII and 
Mfe1, and inserted into pGex-5x-3 digested with BamHI and EcoRI to create 
pKS743. To sub-clone the carboxyl terminus of alp4, the region alp4(889-2352) was 
excised from pKS403 using BamHI and Not1. This was inserted into pGex-5x-3 
digested with BamHI and Not1 to create pKS744. Plasmid construction was 
confirmed by diagnostic digest. The plasmids were then transformed into BL21 DE3 
E. coli cells..  
 
Protein expression was induced by the addition of 1 mM IPTG to the culture media 
for 2 hrs. Cells were harvested by centrifugation and resuspended in 3 volumes of 
lysis buffer (20 mM Tris-HCl pH 8.0, 1 mM EDTA, 5 mM MgCl2, 0.3 mM PMSF, 8 
U/ml Benzonase. 400 µg/ml lysozyme). To purify inclusion bodies the cell mixture 
was passed through the French press three times at 15K psi, before NaCl was added 
to a final concentration of 300 mM and Triton TX-100 to a final concentration 1%. 
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The sample was then mixed with an equal volume of resuspension buffer (50 mM 
Tris-HCl 8.0, 300 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.3 mM PMSF). The 
sample was centrifuged for 20 minutes at 10K rpm. The supernatant was discarded 
and the pellet resuspended in ~15 cell volumes of resuspension buffer, using a 
Dounce pestle. The centrifugation/ resuspension process was repeated three times.   
 
A sample of the purified inclusion bodies was resolved by 10% SDS-PAGE against 
BSA standards to estimate the concentration of the fusion proteins. The remainder of 
each sample was again resolved by 10% SDS-PAGE, using an over-sized gel (gel 
dimensions 150 mm x 6mm x 200 mm, a separate gel was used for each fusion 
protein), running a maximum of 13.7 mg of protein per gel. Each gel was run at 200 
mA for 6 hrs. They were then surface staining with aqueous Coomassie (0.05% 
Coomassie-R250 in dH2O, left for 10 minutes at room temperature, then destained in 
dH2O) prior to excision of the band of interest. These gel slices were frozen at -20°C, 
lyophilized and finely ground by pestle and mortar. The samples were then given to 
the Scottish National Blood Service to inject into sheep. The sheep used were 
selected as having low pre-existing immunity to S. pombe epitopes. 
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Table 1. Yeast Strains 
 










h- ade6-210 leu1-32 ura4-D18  ICRF 
KS762 
 
h- mto1GFP::kanMX  Sawin laboratory 





















h- mto1(1-800)::ura4+ ade6-210 leu1-32 Sawin laboratory 
KS1957 
 




h- hphMX6::nmt81:GFP-atb2 ade6-216 leu1-
32 ura4-D18 




h- pcp1!::natMX6 ade6-216 leu1-32 ura4-D18 
+ pUR19-pcp1 
This study  





KS2987 h - spn1-mYFP::kanMX6 ade6-210 leu1-32 
ura4-D18 
T. Pollard 












ade6-210 leu1-32 ura4-D18 
 
Sawin laboratory 




KS3466 h+ ain1!::kanMX6 mto1-GFP::kanMX6 
 
This study 








KS3693 h+ hht2-GFP::ura4+ kanMX6::nmt81:GFP-


















h- cut8.563 leu1-32 C. Gordon 
KS4113 
 
h+ cut4.533 leu1-32 ura4-D18 C. Gordon 
KS4191 
 
h- cut8.563 alp4-tdT:natMx6 mto1-
GFP::kanMX ade6-210 leu1-32 
 
This study 
KS4192 h+ cut9.665 alp4-tdT:natMx6 mto1-
GFP::kanMX ade6-210 leu1-31 ura1-D18/DSE 
 
This study 
KS4231 h- cut4.533 alp4-tdT:natMx6 mto1-
GFP::kanMX ade6-210 leu1-32 ura4-D18 
 
This study 
KS4290 h+ nmt41-GFP-CHD:leu1+  
kanMX6::nmt81:mto1-tdRFP::natMX6 ade6-
210 leu1-32 ura4-D18 
 
This study 
KS4314 h+ hsp9!::kanMX6 mto1-GFP leu1-32 This study  
 
KS4410 h+ myp2!::kanMx ade6-216 leu1-32 ura4-D18 
 
This study 




KS4494 h+ spn1!::kanMx mto1GFP:natMx ade6-216 
 
This study 




KS4498 h+ myp2!::kanMx mto1GFP:kanMx 
 
This study 
KS4577 h- mto1-GFP::kanMx6 rlc1!::kanMx4 ade6-
210 leu1-32 ura4-D18 
 
This study 
KS4677 h+ mto1!::kanMX6 myp2-YFP::kanMX6 
ade6-210 leu1-32 ura4-D18 
 
This study 




KS4771 h+ nmt41:GFP-mto1::kanMx6 rlc1-




KS4806 h+ myp2!::kanMx hphMX6::nmt81:GFP-atb2 
ade6-216 leu1-32 ura4-D18 
 
This study 
KS4812 h+ sid4-SA1 kanMX::nmt41:GFP-mto1 rlc1-
mCherry::ura4+ uch2-mCherry::ura4+ ade6-
210 leu1-32 ura4-D18 
 
This study 
KS4837 h- cut4.533 kanMX::nmt41:GFP-mto1 rlc1-
mCherry::ura4+ uch2-mCherry::ura4+ ade6-
216 leu1-32 ura4-D18 
 
This study 






KS4908 h+ sid4-SA1 kanMx::nmt81:GFP-atb2 ade6-
216 leu1-32 ura4-D18 
 
This study 
KS4910 h+ mto1(1-1051):ura4+ myp2-YFP:kanMx6 
ad6-210 leu1-21 ura4-D18 
 
This study 




KS4939 h- nda3-KM311 kanMx::nmt41:GFP-mto1 




KS4942 h+ kanMx::nmt41:GFP-mto1 rlc1-
mCherry::ura4+ ade6-216 leu1-32 ura4-D18 
 
This study 





KS4957 h+ mto1.427 myp2-YFP::kanMx6 cps1-191 
ade6-216 leu1-32 ura4-D18 
 
This study 
KS4959 h- myp2-YFP:kanMx6 cps1-191 ade6216 leu1-
32 lys1-131 ura4-D18 
 
This study 




 leu1-32 ura4? 
 
This study 





KS5059 h+ cut9.665 alp4-GFP::natMx6 rlc1-
mCherry::ura4+ uch2-mCherry::ura4+ ade6-
216 leu1-32 ura4-D18 
 
This study 
KS5062 h- cut4.533 leu1-32::SV40-GFP-atb2 [LEU1] 
ade-21X leu1-32 ura4-D18 
 
This study 




KS5065 h- rlc1-mCherry::ura4+ uch2-mCherry::ura4+ 
ade6-210 leu1-32 ura4-D18 
 
This study 
KS5067 h+ mto1-427 rlc1-mCherry::ura4+ uch2-
mCherry::ura4+ ade6-216 leu1-32 ura4-D18 
 
This study  
KS5083 h- cut9.665  nmt41:GFP-mto1::kanMx6  rlc1-








KS5086 h- cdc7-24 kanMX::nmt81:GFP-atb2  leu1-32 
 
This study 




KS5106 h- cut9.665 leu1-32::SV40-GFP-atb2 [LEU1] 
ade6-21X leu1-32 ura4-D18/DSE  
 
This study 




KS5122 h- mto1-427-GFP::kanMx6 cps1-191 ad6-216 
leu1-32 lys1-131 ura4-D18 
 
This study 
KS5124 h- myp2-YFP::kanMx6 mto1(1-800):ura4+ 





h- mto1(1-800):ura4+ cps1-191 ade6-216 lys1-








KS5177 h+ cut4.533 rlc1-mCherry::ura4+ uch2-
mCherry::ura4 leu1-32:SV40-GFP-atb2 
[LEU1] leu1-32 ura4-D18 
 
This study 
KS5179 h- cut9.665 rlc1-mCherry::ura4+ uch2-
mCherry::ura4 leu1-32:SV40-GFP-atb2 
[LEU1] ade6-216 ura4-D18 
 
This study 
KS5180 h- cut8.563 uch2-mCherry::ura4+ leu1-








KS5203 h- rlc1-mCherry::ura4 uch2-mCherry::ura4 




KS5205 h- cut8.563 rlc1-mCherry::ura4 uch2-
mCherry::ura4 leu1-32:SV40-GFP-atb2 
[LEU1] ade6-210 leu1-32 ura4-D18 
 
This study 
KS5227 h- natMX6::nmt81:GFP-mto1(801-1115) ade6-
210 leu1-32 ura4-D18 
 
This study 
KS5228 h- natMX6::nmt81:GFP-mto1(919-1115) ade6-















Not determined whether ura4-D18 or ura4+.  
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Table 2. Plasmids 
 
Plasmid Name Vector Insert Source 
pKS135 pGAD424 
 
- H. Ohkura 
pKS158 
 


















pGEM-T alp4 Sawin laboratory 
pKS410 
 
pGEM-T alp6 Sawin laboratory 
pKS414 pBMT116+1 
 
mto2 Sawin laboratory 
pKS477 
 
pUR19 pcp1 This study 
pKS480 
 
pALKS-GFP pcp1 This study 
pKS481 
 
pBTM116 mto1(769-1115)  
pKS507 
 
pBTM116-1 mto1(769-1051) This study 
pKS630 
 
pGAD424-1 - This study 
pKS637 
 






- R. Allshire 
pKS739 
 
pGex-5x-3 alp6 (1-1165) This study 
pKS740 
 
pGex-5x-3 alp6 (1311-2448) This study 
pKS743 
 
pGex-5x-3 alp4 (1-1041) This study 
pKS744 
 
pGex-5x-3 alp4 (889-2352) This study 
pKS752 
 
pGAD424 cdc11(562-1045) This study 




pGAD424 cdc11(801-1045) This study 
pKS755 
 
pGAD424 cdc11(901-1045) This study 
pKS756 
 
pGAD424 cdc11(562-700) This study 
pKS757 
 
pGAD424 cdc11(562-800) This study 
pKS758 
 
pGAD424 cdc11(562-900) This study 
pKS759 
 
pBTM116 mto1(769-1065) This study 
pKS760 
 
pBTM116 mto1(769-1075) This study 
pKS762 
 
pBTM116 mto1(769-1095) This study 
pKS776 
 
pDUAL-GFH41c hsp9 This study 
pKS777 
 
pDUAL-GFH81c hsp9 This study 
pKS872 
 
pACT2.2gtwy rng3 This study 
pKS873 
 
pACT2.2gtwy myp2 This study 
pKS915 
 
pACT2.2gtwy cdc4 This study 
pKS916 
 
pACT2.2gtwy spn1 This study 
pKS918 
 
pBTM116 mto1(769-1085) This study 
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Table 3. Oligonucleotides 
 

























































Chapter III - Search for the interacting protein(s) that 
target Mto1 to the cytokinetic ring 
 
The C-terminus of Mto1 is sufficient for localisation to the cell 
equator 
In light of the finding that the extreme C-terminus of Mto1 is required for its 
localisation (S. Rincon, personal communication) we asked whether the N-terminus 
of Mto1 is required for localisation to MTOCs. A series of Mto1 truncations were 
made under the control of the nmt81 promoter, which increases expression ~3x 
relative to the endogenous mto1 promoter (K. Sawin, personal communication), with 
GFP fused at the amino-terminus. GFP-Mto1(481-1115), GFP-Mto1(784-1115), 
GFP-Mto1(801-1115) and GFP-Mto1(919-1115) can be seen at discrete spots 
corresponding to both interphase and mitotic SPBs, at rings at the cell equator 
corresponding to the eMTOC and decorating interphase microtubules (Figure 8). 
GFP-Mto1(784-1115), GFP-Mto1(801-1115) and GFP-Mto1(919-1115) also localise 
to the mitotic spindle. Mto1 is known to bind to microtubules, and as such can be 
expected to bind to the microtubules of the spindle if it is present in the nucleus. The 
GFP-Mto1(784-1115) fragment is ~64KDa in size. Although this exceeds the size 
limit for free diffusion into the nucleus (the size limit for free diffusion of proteins 
through nuclear pores is ~40KDa (Peters, 1984)) protein morphology plays an 
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important role in nuclear transport and the structure of this fragment may be 
sufficiently narrow for free entry across nuclear pores, while the larger Mto1(481- 
1115) fragment is restricted to the cytoplasm. As expected from previous findings, 
Mto1 truncations that lack the 1051-1115 localisation domain do not localise to the 
cell equator; nor are they seen at SPBs. GFP-Mto1(801-1051) and GFP-Mto1(919-
1051) both show diffuse cytoplasmic localisation, with enrichment at the nucleus 
(Figure 8). I conclude that Mto1(919-1115) is sufficient for localisation to the 
equator and the N-terminus is not required. 
 
(These results are in agreement with more recent findings (I. Samejima, personal 
communication) that Mto1(1028-1095) is sufficient for localisation to the eMTOC, 
interphase SPB and mitotic SPB). 
 
Mto1 localisation to the cell equator requires F-actin 
 
Since F-actin is required for !-tubulin recruitment to the eMTOC (Heitz et al., 2001), 
we asked whether the same is true for the equatorial localisation of Mto1. A 
fluorescently labelled histone, Hht2-GFP, was used as a nuclear marker to identify 
binucleate cells; these cells can be expected to have Mto1 at the equator, as the 
mitotic spindle is longer than 8µm (see Introduction). GFP-Mto1(784-1115) was 
expressed from the nmt81 promoter to provide a stronger signal to balance the strong 
nuclear signal.  Cells were incubated with Latrunculin B (Lat B) at 25°C for 30 
Figure 8  The C-terminus of Mto1 is sufficient and 
necessary for localisation to the cell equator 
Wide field microscopy showing the localisation of nmt81:GFP-
Mto1(481-1115), nmt81:GFP-Mto1(784-1115), nmt81:GFP-Mto1 
(801-1115), nmt81:GFP-Mto1(919-1115), nmt81:GFP-Mto1(801- 
1051) and nmt81:GFP-Mto1(919-1051). Truncations that include 
the 1051-1115 ‘localisation domain’ at the extreme C-terminus of 
Mto1 localise to the equator (*); this localisation is abolished for 
truncations that lack the localisation domain (arrows). A 





































































































minutes to depolymerise F-actin then examined. 0% of binucleate cells treated with 
Lat B had GFP-Mto1(784-1115) at the equator compared to 96% of binucleate cells 
treated with DMSO alone (Figure 9). Thus Mto1 localisation to the equator requires 
F-actin.  
Mto1 co-localises with the CAR 
As Mto1 forms a contractile ring (Sawin et al., 2004) and requires F-actin to localise 
to the cell equator, we asked whether Mto1 would co-localise with the CAR. The 
strain  mto1-tdRFP CHD-GFP was used to check for co-localisation; CHD (calponin 
homology domain), derived from the CAR protein Rng2, binds actin and shows the 
position of the CAR. Images of live cells were taken in the red and the green 
channels and the images combined (Figure 10). Mto1 and the CAR co-localise, 
suggesting that Mto1 may interact with a component of the CAR.   
 
Further examples of Mto1 co-localising with the CAR can be seen in Chapter V. 
 
A yeast two-hybrid screen for Mto1-interacting proteins 
Screen design 
It was decided to begin by screening to find proteins that interact with Mto1. 
Biochemical interactions have been shown between Mto1 and some other proteins 
(!-TuC: Sawin et al., 2004; Venkatram et al., 2004; Mto2: (Sawin et al., 2004; 
Venkatram et al., 2004; Zimmerman et al., 2004b; Samejima et al., 2005; Venkatram 
et al., 2005) Rsp1: Zimmerman et al., 2004), but no comprehensive screen had 
Figure 9  Mto1 localisation to the equator requires F-actin 
Wide field images showing localisation of nmt81:GFP-
Mto1(784-1115) in binucleate cells treated with (A) Lat B and (B) 
DMSO (control). (C) nmt81:GFP-Mto1(784-1115) is present at 
the cell equator in 96% of binucleate cells for the control sample 
(arrow in (A)); localisation of Mto1 to the equator is abolished by 
the addition of LatB.   
Mto1 at equator in binucleate 
cells 
Yes No 
Lat B 0% 100% 
Control 96% 4% 
C 
n = 200 cells 
A B 
Lat B DMSO 
87 
Figure 10  Mto1 co-localises with the CAR 
Wide field images of mto1-tdRFP CHD-GFP cells. CHD, the 
actin-binding domain of Rng2, marks the CAR, actin cables and 






















previously been done. The protein or proteins that recruit Mto1 to the site of the 
eMTOC could then be identified from the interacting proteins identified.  
 
Many different screening approaches are available. It was initially decided to do a 
yeast 2-hybrid screen as the yeast 2-hybrid system is a versatile method that can be 
used to screen many possible interactions (Fields and Song, 1989). The system has 
the advantage of being unbiased since the screen is genome-wide, rather than being 
restricted to selected candidates. It also identifies direct protein-protein interactions. 
However as the screening is carried out in S. cerevisiae key protein post-translational 
modifications may be missing, leading to false negatives. False positives are also a 
possibility, where two proteins interact in the screen but are not able to interact 
within S. pombe, for example where the proteins are expressed at different times in 
the cell cycle or have distinct cellular localisations.  
 
It can be useful to employ a smaller fragment of the bait protein in a yeast two-
hybrid screen to reduce the number of non-physiological interactions identified. 
Mto1 is a large protein (~128 kDa) and also contains several coiled-coil regions and 
so may have a propensity towards promiscuous interaction as coiled-coil regions can 
mediate protein-protein interactions (Burkhard et al., 2001).  Having shown that 
Mto1(784-1115) is sufficient to localise to the equator, it was decided to use a piece 
of a similar length in the screen. Accordingly LexA-Mto1(769-1115) was used as 
bait; the starting position is the location of a convenient restriction site. The Shimoda 
meiotic cDNA prey library was used as it provides good coverage over the genome. 
Interaction was determined by induced expression of both the His and LacZ reporter 
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genes, permitting growth on media lacking histidine and producing a blue colour 
when tested by X-gal overlay assay. I suspected that the interaction between Mto1 
and the localising protein might be controlled by post-translational modifications 
within the cell (to potentially restrict the interaction to a specific time within the cell 
cycle) and therefore the interaction could be weak in the context of the yeast-two 
hybrid screen. I therefore opted to use a method of selection with comparatively low 
stringency. 
 
Test transformations were performed to investigate optimal transformation 
conditions, before a large-scale transformation was performed. I found that the 
length of heat shock affected the transformation efficiency, with 20 minutes at 42°C 
being optimal. The amino acid mixture used in the media also affected the number of 
colonies obtained, with Kaiser drop-out mix (Formedium) giving consistently better 
results than the equivalent drop-out mixture from Qbiogene. 
  
~3.4 million transformants were tested in the large-scale screen, a three-fold over-
sampling of the prey library. Of these, 833 colonies grew on media lacking 
tryptophan, leucine and histidine and produced a blue colour with the LacZ overlay 
assay within 23 hrs.  Colony PCR was used to amplify the prey plasmid insert, using 
primers to either side of the cloning site of the pGAD424 vector. These PCR 
products were purified and sequenced. The gene within the prey plasmid was then 
identified using the BLAST program and NCBI database. A number of the hits were 
found to contain the S. pombe his5 gene. his5 is able to complement HIS3" in S. 
cerevisiae; the colonies also became blue in the LacZ assay. Colony PCR using 
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primers to pGAD424 and his5 was used to identify prey plasmids with his5 prior to 
sequencing, leaving 583 colonies.  A complete list of genes identified from this 
screen is given at the end of the chapter. 334 prey inserts were identified, with 
around 200 colonies that either contained his5 fragments that were not identified by 
colony PCR, contained empty vector (where the prey insert may have been excised) 
or where the prey insert was not amplified by PCR.  
 
Colonies from the large-scale screen were tested against increasing levels of 
3’aminotriazole (3-AT) to determine the strength of the interaction between the prey 
insert and Mto1(769-1115). 3-AT is a competitive inhibitor of the HIS3 gene 
product. Adding 3-AT to the media raises the stringency of the HIS3 selection. 
Patched colonies were replica-plated to selective medium lacking tryptophan, leucine 
(to select for the prey plasmid) and histidine, with 3-AT added at concentrations of 5, 
10, 25 and 50 mM. An overlay assay was also performed, recording the time taken 
for the blue colour to become noticeable (plates were checked at 1.5, 4.5, 6.5 and 
21.5 hrs after the start of the assay. This found 80 proteins that ‘strongly’ interact 
with Mto1(769-1115); a list is given in Table 4. Descriptions of gene functions are 
taken from the S. pombe GeneDB database (http://www.genedb.org/ 
genedb/pombe/index.jsp), supplemented by the Biobase Pombe Knowledge Library 
(http://biobase-international.com/). Hypothetical genes refer to a protein whose 
existence is predicted, but for which no experiment evidence of expression in vivo. 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































This screen was carried out specifically to find the protein or proteins that target 
Mto1 to the cell equator. Candidates to investigate further were therefore selected on 
the basis of their localisation to the equator. Localisation data was taken from the S. 
pombe Postgenome Database ((Matsuyama et al., 2006), 
http://www.riken.jp/SPD/index.html). This database features localisation data for 
90% of S. pombe genes. 271 genes were listed as present at the site of septum 
localisation. The localisation images were examined for these genes, and 90 were 
found to have localisation related to the CAR rather than the septum. Five of these 
genes were identified in the yeast two-hybrid screen. 
 
Crn1, a protein of unknown function localises to actin patches, cables and the CAR 
(Pelham and Chang, 2001); Pdk1 is a kinase involved in mitotic spindle function that 
localises to the SPBs and the CAR (Bimbo et al., 2005); Pob1 is required for cell 
polarity, elongation, and separation (Toya et al., 1999); Rga7 is a Rho GTPase 
activator (Nakano et al., 2001) and Rad24 is a cytokinesis checkpoint control protein 
(Mishra et al., 2005). 
 
To this list were added two additional proteins on the basis of function. Ain1, an 
actinin is a known component of the CAR, bundling and cross-linking actin (Wu et 
al., 2001). The localisation of Ain1 was not determined due to cloning difficulties. 
Hsp9 is a heat shock protein thought to have a role in CAR stabilisation (Jang et al., 
1996). In the RIKEN database Hsp9-YFP localises throughout the cell. This may be 
a consequence of over-expression as the RIKEN localisation data was based on 
strains expressing the protein of interest from the strong nmt1 promoter. Protein 
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localisation as reported in the database may be altered due to the C-terminal YFP tag. 
These proteins were all identified in the yeast two-hybrid once, with the exception of 
hsp9, which was identified 5 times. All the proteins were so-called ‘weak’ 
interactors, with the exception of Ain1. 
 
The intrinsic limitations of the yeast-two hybrid system require that any interaction 
must be confirmed independently of the system by biochemical means or showing an 
in vivo requirement for the interaction. False positives in the yeast two-hybrid assay 
may be generated by incorrect folding, or bringing together two proteins that are able 
to interact but are expressed at different times in the cell or have distinct cellular 
localisations. The limitations of the yeast two-hybrid system can also generate false 
negatives due to incorrect folding and the absence of post-translational modification. 
To further investigate the selected candidates, I looked to see if they were required 
for Mto1 to localise to the cell equator gene-deletion strains. I also tested the prey 
plasmids against LexA-mto1(769-1051) by yeast two-hybrid, as I predicted that the 
1051-1115 region of Mto1 necessary for the localisation of Mto1 would also be 
required for interaction with the localising protein.  
  
Mto1-GFP localisation was studied in ain1", hsp9", pdk1" and rga7" deletion 
strains. Mto1 localisation was not examined in the pob1" strain as this gene is 
required for viability; the crn1" strain was not tested as microtubule organisation 
was previously reported normal in this strain and PAA formation would not occur in 
the absence of Mto1 at the cell equator (Pelham and Chang, 2001) and the rad24" 
strain was not tested as the null strains was not available. Mto1-GFP localised to the 
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cell equator in all strains tested (Figure 11). In the yeast two-hybrid assays, prey 
plasmids isolated in the yeast two-hybrid screen containing Ain1 and Hsp9 showed 
an interaction with LexA-mto1(769-1115) by growth on media minus histidine and 
expression of a blue colour in a LacZ overlay assay, but not with LexA-mto1(769-
1051) (Figure 12, A and B). The LacZ overlay was extended by carrying out an 
ONPG assay to quantify the $-galactosidase expression. $-galactosidase activity in 
cells expressing Gal4AD-ain1 and LexA-mto1(769-1115) was 3.14 Miller Units and 
for Gal4AD-hsp9 and LexA-mto1(769-1115) was 0.51 Miller Units after 19 hrs; $-
galactosidase activity in cells expressing Gal4AD-ain1 or Gal4AD-hsp9 with LexA-
mto1(769-1051) was below the threshold of the assay, supporting the conclusion of 
the LacZ overlay assay and the growth assay. I considered that a redundant 
mechanism might be in place to localise Mto1 with both Ain1 and Hsp9 being 
independently able to target Mto1 to the cell equator, and so constructed the double 
deletion ain1"hsp9". However, Mto1-GFP also localised to the cell equator in this 
strain (Figure 12, C).  
 
Of the other genes identified in the yeast two-hybrid screen, many are commonly 
found as false positives in yeast two-hybrid screens, regardless of the bait protein 
used. These include ribosomal proteins and mitochondrial proteins (Van Criekinge 
and Beyaert, 1999) and are of limited interest. Other genes identified are unlikely to 
show a functional interaction with Mto1 in vivo given what is known of their 
function and localisation. However two genes identified were of particular interest 
and the interaction with Mto1 was investigated further. Rsp1, a protein involved in 
eMTOC disassembly has previously been shown to interact with Mto1 by yeast two- 
Figure 11  Mto1 localisation in candidate gene-deletion 
strains  
Mto1-GFP localisation in (A) ain1!, (B) hsp9!, (C) pdk1!  and 
(D) rga7! cells. Mto1 is present at the cell equator in these 















Figure 12  Mto1 interaction with Ain1 and Hsp9 from yeast 
two-hybrid screen. 
(A) Growth of Gal4AD-rga7 vs (i) LexA-mto1(769-1115) and (ii) 
LexA-mto1(769-1051); Gal4AD-hsp9 vs (iii) LexA-
mto1(769-1115) and (iv) LexA-mto1(769-1051), Gal4AD-ain1 vs 
(i) LexA-mto1(769-1115) and (ii) LexA-mto1(769-1051) on -WL 
and -WLH media. Ain1 and Hsp9 show growth on media lacking 
histidine with LexA-Mto1(769-1115), but not with LexA-
Mto1(769-1051), while Rga7 shows an interaction with both 
Mto1 truncations. (B) LacZ overlay assays. Ain1 and Hsp9 
produce a blue colour with LexA-mto1(769-1115), but not with 
LexA-mto1(769-1051). Gal4AD vs LexA-mto2 was included as a 
positive control (LexA-Mto2 is strongly self-activating, the empty 
prey vector was included to allow growth on media lacking 
leucine). Both bait fragment were tested for autoactivation 
against the empty prey vector and found not to interact. (C) 
Mto1-GFP localises to the cell equator in ain1! hsp9! cells 
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hybrid (Zimmerman and Chang, 2005) and appeared seven times in my screen, 
strongly interacted with Mto1 based on the 3-AT and LacZ data. Cdc11, a 
component of the SIN pathway, forms a scaffold for signalling at the SPB and is of 
interest as a potential candidate for the protein that interacts with Mto1 at the mitotic 
SPB (an area of interest to other members of the laboratory). 
 
Plasmid 354 from the yeast two-hybrid screen (the first cdc11 prey plasmid 
identified) was sequenced and found to contain the region cdc11(561-1046), the C-
terminal half of the protein. This plasmid was tested against LexA-mto1(769-1115) 
and LexA-mto1(769-1051) and found to interact by growth on media minus histidine 
and by LacZ overlay assay with LexA-mto1(769-1115), but not with LexA-mto1(769-
1051), consistent with the requirement of the Mto1 localisation domain for the 
interaction (Figure 13, A). This plasmid was then re-made as pKS752 to ensure that 
no mutations were present in the sequence and tested against a series of Mto1 
truncations: LexA-mto1(769-1115), LexA-mto1(769-1095) and LexA-mto1(769-1065) 
(Figure 13, B). I found that there was an interaction with LexA-mto1(769-1115), 
LexA-mto1(769-1095), but not with LexA-mto1(769-1065) based on growth on media 
minus histidine and by LacZ overlay assay. This corresponds with previous findings 
that the region 1085-1095 is necessary for the localisation of Mto1 to the mitotic 
SPB (I. Samejima, personal communication).  I then tested pKS752 Gal4AD-
cdc11(561-1046), against LexA-mto1(769-1115), LexA-mto1(769-1095), LexA-
mto1(769-1085), LexA-mto1(769-1075), LexA-mto1(769-1065) and LexA-mto1(769-
1051) (Figure 13, C) based on growth on media minus histidine and by ONPG assay 
Figure 13  Mto1 interaction with Cdc11 and Rsp1 by yeast 
two-hybrid screen 
(A) Plasmid 354 Gal4AD-cdc11(561-1046) tested against LexA-
mto1(769-1115) and LexA-mto1(769-1051) by growth on media 
minus histidine and by LacZ overlay assay. (B) pKS752 
(equivalent to plasmid 354) similarly tested against LexA-
mto1(769-1115), LexA-mto1(769-1095) and LexA-
mto1(769-1065) and (C) pKS752 tested against LexA-
mto1(769-10115), LexA-mto1(769-1095), LexA-mto1(769-1085), 
LexA-mto1(769-1075), LexA-mto1(769-1065) and LexA-
mto1(769-1051). (D) LexA-mto1(769-1115) tested against the 
smaller truncations Gal4AD-cdc11(701-1046), Gal4AD-
cdc11(801-1046), Gal4AD-cdc11(901-1046), Gal4AD-
cdc11(561-700), Gal4AD-cdc11(561-800) and Gal4AD-
cdc11(561-900). (E) Rsp1 (plasmid 896, isolated in the yeast 
two-hybrid screen) tested against LexA-mto1(769-1115) and 
LexA-mto1(769-1051) by growth on media minus histidine and 
by LacZ overlay assay. (F) Rsp1 (plasmid 1086, isolated in the 
yeast two-hybrid screen) tested against LexA-mto1(769-1115), 
LexA-mto1(769-1095) and LexA-mto1(769-1065) and (G) 
against LexA-mto1(769-10115), LexA-mto1(769-1095), LexA-
mto1(769-1085), LexA-mto1(769-1075), LexA-mto1(769-1065) 
and LexA-mto1(769-1051). Mto1(1051-1065) is necessary for 
interaction with Rsp1 and Mto1(1085-1095) region is necessary 
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 As before, the 1085-1095 region is necessary for interaction with Cdc11, supporting 
the idea that Cdc11 may localise Mto1 to the mitotic SPB.  
   
I also made a series of plasmids with Cdc11 fragments in the pGad424 vector to map 
the region of Cdc11 necessary to interact with Mto1 using the yeast two-hybrid 
assay. A series of plasmids were made as follows: Gal4AD-cdc11(701-1046), 
Gal4AD-cdc11(801-1046), Gal4AD-cdc11(901-1046), Gal4AD-cdc11(561-700), 
Gal4AD-cdc11(561-800) and Gal4AD-cdc11(561-900). These were tested for 
interaction with LexA-mto1(769-1115); all gave growth on media minus histidine, 
but only pKS752 Gal4AD-cdc11(561-1046) gave a blue colour in the LacZ overlay 
assay (Figure 13 D). Expression of Gal4AD-cdc11(561-1046), Gal4AD-cdc11(901-
1046) and Gal4AD-cdc11(561-900) was tested by Western blotting using anti-Cdc11 
antibody (Sawin Laboratory) and anti-GAL4 (Santa Cruz, sc-46680), but no specific 
bands were seen for any sample tested and so the experiment was inconclusive (data 
not shown). The sequence of the Cdc11 C-terminus shows that it contains 14-16 
leucine-rich repeats, from ~605-988 aas (K Sawin, personal communication). These 
short 20-30 amino acid motifs are known to form horseshoe-like structures (Kobe 
and Kajava, 2001). Making truncations within this region may affect protein 
stability. Alternatively, as ligands for leucine-rich regions typically bind to the inside 
of the horseshoe structure, residues from spatially distant parts of Cdc11 may be 
required and the area seen is the minimum necessary for the interaction with Mto1.     
 
Rsp1 (plasmid 1086, isolated in the yeast two-hybrid screen) was also tested first 
against LexA-mto1(769-1115), LexA-mto1(769-1095) and LexA-mto1(769-1065) 
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(Figure 13, E) and later against LexA-mto1(769-1115), LexA-mto1(769-1095), LexA-
mto1(769-1085), LexA-mto1(769-1075), LexA-mto1(769-1065) and LexA-mto1(769-
1051) (Figure 13, F). I found that the 1085-1095 region is necessary for interaction 
with Rsp1, the implications of which are discussed below.  
 
Tandem affinity purification of Mto1 
The next method used to identify proteins that interact with Mto1 was tandem 
affinity purification (TAP) (Puig et al., 2001). Two-step purification reduces the 
number of non-specific interactions present in the final sample. The sample is 
digested with TEV protease after the first purification step to expose the second 
affinity tag; a second purification step is then performed. Mass spectrometry (MS) 
analysis can then be used to identify proteins bound to the protein of interest. This 
method has the advantage that in vivo protein modifications are present in the 
sampled extract, and it is an unbiased screen. However indirect interactions mediated 
through other proteins are included in the results and the complex must be soluble to 
be available for precipitation. Also the interaction must be sufficiently stable to 
survive a lengthy purification.   
 
In this screen the TAPS tag was fused to the C-terminus of Mto1 expressed under the 
endogenous promoter. Two alleles of Mto1 were used: full length Mto1-TAPS and a 
truncation, Mto1(1-1051)-TAPS, that lacks the C-terminal localising domain. 
Mto1(1-1051) does not localise to the eMTOC; as the C-terminus of Mto1 is 
necessary for localisation to the equator, any protein that interacts with Mto1(1-
1051) is unlikely to  
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be the eMTOC recruitment factor. Comparing the list of interacting proteins for the 
truncation versus full-length Mto1 will help to exclude non-specific interactions. An 
untagged control sample was also used to control for non-specific interactions with 
the beads used during the purification.  
 
Following TAP/MS, various proteins interacting with Mto1 were identified (a 
complete list is given in Table 6 at the end of the chapter). Figure 14 shows a silver-
stained agarose gel run with an aliquot of the protein sample used for mass 
spectrometry analysis. 193 proteins were found for Mto1-TAPS, 167 proteins for 
Mto1(1-1051)-TAPS and 29 for the untagged control. Proteins known to localise to 
the equator were found (Crn1, cornonin; Fim1, fimbrin; Rad24, a DNA damage and 
cytokinesis checkpoint protein) but these proteins interacted with both Mto1(1-
1051)-TAPS and Mto1-TAPS and on this basis were not considered further. No 
potential candidates showing an interaction with Mto1-TAPS, but not Mto1(1-1051)-
TAPS were found. Of the other proteins known to interact with Mto1, Mto2 was 
present for both alleles of Mto1 (as expected), but the !-TuC proteins were not 
detected despite Mto1 previously being shown to affinity purify with Alp4 and Alp6 
(Venkatram et al., 2004). This suggests that the method may require additional 
optimisation. Rsp1, a protein involved in the breakdown of the eMTOC and also 
previously shown to interact with Mto1 was found to interact with Mto1-TAPS, but 
interestingly not with Mto1(1-1051)-TAPS. Potential implications of this finding for 
the mechanism of eMTOC disassembly are discussed below. 
 
Figure 14  Tandem affinity purification of Mto1 and 
Mto1(1-1051) 
Silver stained acrylamide gel showing the purification of KS3524 
mto1-TAPS, KS3474 mto1(1-1051)-TAPS and wild-type KS516 
as an untagged control strain. Each sample is equal to 6 % of 






Localisation of Mto1 to the cell equator 
Here I have shown that the C-terminus of Mto1 Mto1(919-1115) is sufficient for 
localisation to both the SPB and the eMTOC. This region includes the 1051-1115aa 
localisation region that was previously identified as necessary for the localisation of 
Mto1. I also found that Mto1 co-localises with the CAR and requires F-actin to 
localise to the equator. Taken together with the previous finding that the Mto1 ring 
that forms at the equator is contractile (Sawin et al., 2004), these strongly suggest an 
interaction between Mto1 and the CAR, leading me to hypothesise that the protein or 
proteins that target Mto1 to the cell equator is a component of the CAR. I carried out 
a yeast two-hybrid screen using a C-terminal fragment of Mto1 and tandem affinity 
purification of Mto1(1-1115) and Mto1(1-1051). Despite identifying a number of 
proteins that appear to interact with Mto1 and localise to the cell equator, none of the 
proteins tested were found to be required for the localisation of Mto1 to the cell 
equator. It is possible that redundant mechanisms of localisation may be present, but 
testing combinations of the proteins so-far identified would be time-consuming and 
could lead to false negatives due to synthetic effects of deleting genes in 
combination, especially on the CAR. Crn1 and Rad24 were identified in both the 
yeast to-hybrid screen and by tandem affinity purification, suggesting that these 
interactions may be real, although their function is unknown. Further experiments to 
identify the protein that localises Mto1 to the cell equator are described in the next 
chapter, based on the CAR component hypothesis.  
 
 111 
eMTOC disassembly: Mto1 and Rsp1 
My screening also identified in vivo evidence of the physical interaction between 
Mto1 and Rsp1, a protein required for PAA breakdown. Mto1 and Rsp1 have 
previously been shown to interact by yeast two-hybrid (Zimmerman and Chang, 
2005). I have repeated this finding, show that it takes place in vitro using tandem 
affinity purification and show by both methods that this interaction requires the C-
terminal localisation region of Mto1. This suggests a potential mechanism for 
disassembly, where Rsp1 competitively binding to the 1051-1065aa region of Mto1, 
disrupting the interaction with the Mto1 localising protein and so disassembling the 
eMTOC. Rsp1 contains a J-domain (Zimmerman et al., 2004b). J-domains bind and 
activate Hsp70 chaperones (Kelley, 1999). Another J-domain protein, auxilin, 
initiates clathrin disassembly after endocytosis via the recruitment of Hsp70 (Kelley, 
1998). The eMTOC may be deconstructed via a similar mechanism. Further 
investigation of the mechanism and control of eMTOC disassembly presents an 
interesting area for future study.  
Sample number Gene name Function
7 act1 Actin 
424 adh1 Alcohol dehydrogenase
102 agl1 Alpha-glucosidase
56 agn1
Endo-(1,3)-alpha-glucanase involved in 
degradation of septum edging during cell 
separation
741 aif1 Oxidoreductase activity, regulates apoptosis
169 ain1 Alpha-actinin
184 apl4
Member of the adaptin N-terminal region-
containing family, which are components of 
coated vesicles
327 arc3
Actin related protein, part of Arp2/3 complex, 
actin cortical patches
450 arc3
Actin related protein, part of Arp2/3 complex, 
actin cortical patches
133 arg4 Arginine specific carbamoyl-phosphate synthase
113 arg5 Arginine specific carbamoyl-phosphate synthase
513 arg7 Argininosuccinate lyase
40 arp2
Actin-related protein 2, a component of the 
Arp2/Arp3 complex required for actin cortical 
patch assembly
111 ats1 Acetyltransferase, histone acetylation
455 bem46 Predicted esterase/lipase
108 bgs2
 1,3-beta-glucan synthase component, required 
for proper spore cell wall biosynthesis
409 bgs2
 1,3-beta-glucan synthase component, required 
for proper spore cell wall biosynthesis
744 bgs2
 1,3-beta-glucan synthase component, required 
for proper spore cell wall biosynthesis
773 bgs2
 1,3-beta-glucan synthase component, required 
for proper spore cell wall biosynthesis
451 bgs2 
 1,3-beta-glucan synthase component, required 
for proper spore cell wall biosynthesis
207 bgs3
 1,3-beta-glucan synthase component, required 
for proper spore cell wall biosynthesis
1092 bgs4
 1,3-beta-glucan synthase component, required 
for proper spore cell wall biosynthesis
109 cct4 Component of Chaperonin-containing T-complex 
234 cda1 Chitin deacetylase 
329 cdc11 SIN pathway component
354 cdc11 SIN pathway component
902 cdc11 SIN pathway component
468 cid16
Member of the PAP or 25A associated domain 
containing and nucleotidyltransferase domain 
containing families
135 clr4 Histone H3 methyltransferase 
690 cox13 Cytochrome c oxidase subunit
151 cox13 Cytochrome c oxidase subunit
Table 5  Results of yeast two-hybrid screen
565 cpc2
Protein required for normal mating, sporulation, 
and protein translation
683 crn1
Protein of unknown function that localizes to 
actin patches, actin cables, and the actin 
contractile ring 
115 cut23 Subunit of the APC/cyclosome complex
967 cwf25c
Component of the Cdc5p-associated complex, 
possibly involved in pre-mRNA splicing
122 ef1-b
Translation elongation factor 1 alpha-E, involved 
in regulating cell polarity
384 ef1-b
Translation elongation factor 1 alpha-E, involved 
in regulating cell polarity
386 ef1-b
Translation elongation factor 1 alpha-E, involved 
in regulating cell polarity
337 eft-2 Translation elongation factor 2
57 eno1 Enolase, phosphopyruvate hydratase activity
62 eno1 Enolase, phosphopyruvate hydratase activity
734 eno1 Enolase, phosphopyruvate hydratase activity
736 eno1 Enolase, phosphopyruvate hydratase activity
265 erg2 C-8 sterol isomerase (predicted) 
1020 erg24 Sterol reductase
586 erg5 Biosynthesis of ergosterol
1048 fba1 Fructose-bisphosphate aldolase
733 gar1
Small nucleolar protein required for pre-rRNA 
processing
3 ght5 Hexose trabsporter
369 ght8 Predicted hexose transporter
385 glu2 NAD-specific isocitrate dehyrogenase subunit
224 gpd3 Glyceraldehyde 3-phosphate dehydrogenase
361 gpd3 Glyceraldehyde 3-phosphate dehydrogenase
10 gpi14 Mannosyltransferase
416 gps2
UDP-galactose synthesis and protein 
glycosylation
172 grt1 Transcription factor
397 hht2 Histone H3.2
490 hht3 Histone H3.3
58 hsp9
Heat shock-induced protein, may stabilise 
contractile ring
64 hsp9
Heat shock-induced protein, may stabilise 
contractile ring
220 hsp9
Heat shock-induced protein, may stabilise 
contractile ring
1075 hsp9
Heat shock-induced protein, may stabilise 
contractile ring
659 hsp9
Heat shock-induced protein, may stabilise 
contractile ring
539 hxk2 Hexokinase 2, catalyzes glucose phosphorylation
557 its3 1-phosphatidylinositol-4-phosphate 5-kinase
706 lsm1 Predicted  mRNA decapping complex subunit
191 map3 Pheromone M factor receptor
38 meu25 Meiosis expression upregulated
39 meu4 Meiosis expression upregulated
1098 meu4 Meiosis expression upregulated
441 mfm1 Mating factor precursor
460 mfm1 Mating factor precursor
478 mfm1 Mating factor precursor
658 mfm1 Mating factor precursor
850 mfm1 Mating factor precursor
862 mfm1 Mating factor precursor
179 mfm3 Mating factor precursor
275 mfm3 Mating factor precursor
1013 mfm3 Mating factor precursor
440 mok11 Glucan biosynthesis
526 mok11 Putative cell wall alpha-glucan synthase.
285 mpf1 Predicted meiotic PUF family protein
170 mrp19 Mitochondrial ribosome
582 mug135 Cell surface glycoprotein
709 mug136 Cell surface glycoprotein
797 mug137 Cell surface glycoprotein
442 mug174 Unknown function
798 mug40 DinB translesion DNA repair polymerase
160 mug51 unknown function
278 mug56 Predicted spore wall assembly protein
273 ndc10
Component of the Cbf3 kinetochore protein 
complex that binds DNA 
282 ndc10
Component of the Cbf3 kinetochore protein 
complex that binds DNA 
21 (group 1) ndk1
Nucleaotide diphosphase kinase, nucleotide 
transport
1105 nmt1 Thiamine biosynthesis
517 nuc2 Anaphase-promoting complex subunit
848 nup146
Protein with weak similarity to S. cerevisiae 
Nup159p, a nuclear pore protein 
502 ofd2 2 OG-Fe(II) oxygenase superfamily protein
716 ofd3 3 OG-Fe(II) oxygenase superfamily protein
23 pam17 Unknown function
264 pcn1 Auxiliary protein of DNA polymerase delta
276 pcn1 Proliferating cell nuclear antigen
21 pcy1 Vacuolar carboxypeptidase Y
5 pda1 Pyruvate dehydrogenase
91 pfk1 6-Phosphofructokinase beta subunit
317 pfk1 6-Phosphofructokinase beta subunit
142 pgi1 Cytosolic glucose-6-phosphate isomerase
40 (group 1) pka1 cAMP dependant protein kinase
2 pkl1 ATPase involved in mitotic spindle function
919 plb1
Phospholipase B, preferentially deacylates 
phosphatidylinositol
140 pld1 Predicted phospholipase 
68 pli1 SUMO E3 ligase
318 pli1 SUMO E3 ligase
858 pli1 SUMO E3 ligase
1 pli1 SUMO E3 ligase
203 pmp3 Plasma membrane proteolipid Pmp3
206 pmp3 Plasma membrane proteolipid Pmp4
256 pmp3 Plasma membrane proteolipid Pmp5
128 pms1 Mitotic cohesin complex subunit
1054 pob1
Essential protein required for cell polarity, 
elongation, and separation
104 ppk21 Serine/threonine protein kinase
154 ppk33 Serine/threonine protein kinase
590 prp45
Component of the Cdc5p-associated complex, 
possibly involved in pre-mRNA splicing
106 prs1 Ribose-phosphate pyrophosphokinase   
19 psm1 Mitotic cohesin complex subunit
396 psm1 Subunit of the cohesin complex
830 psm1 Subunit of the cohesin complex
6 ptr2 Peptide permease
181 pyr1 Hydroxymethylglutaryl-CoA lyase 
291 qcr10
Ubiquinol-cytochrome-c reductase complex 
subunit
467 qcr7
Similarity to ubiquinol cytochrome c reductase 
subunit 7
94 rad18 DNA damage ds break repair
346 rad24 Cytokinesis checkpoint control
427 rad25
14-3-3- protein involved in G2/M phase 
transition and DNA damage checkpoint control
909 rec10
Protein with roles in meiotic recombination and 
chromosome segregation
32 rga7 Rho GTPase activator
103 rga7 Rho GTPase activator
411 rgs1
Regulator of G protein signalling in mating 
pathway 
187 rhp6
Putative E2 ubiquitin-conjugating enzyme 
required for DNA repair
88 rpb7 RNA polymerase II subunit
884 rpb7 RNA polymerase II subunit
554 rpl12-1 60S ribosomal protein L12A
801 rpl22 60S ribosomal protein
904 rpl22 60S ribosomal protein
499 rpl3602 60S ribosomal protein L36 
392 rpl3701 60S ribosomal protein L37A
949 rpl3701 60S ribosomal protein L37A
531 rpl3701 60S ribosomal protein L37A
255 rpl902 60S ribosomal protein
417 rpo41 Mitochondrial DNA-directed RNA polymerase 
1094 rps1501 40S ribosomal protein S15
4 rps2 40S ribosomal protein S2   
178 rps25-1 40S ribosomal protein S25 
222 rps29 40S ribosomal protein
6 (group 1) rps402 ribosomal protein S4
475 rps403 ribosomal protein S5
476 rps901 40S ribosomal protein
795 rps901 40S ribosomal protein
795 rps901 40S ribosomal protein S9A
210 rpt1 Predicted 19S proteasome regulatory subunit
393 rsm18 Mitochondrial ribosomal protein subunit S18 
97 rsp1
Required for disassembly and assembly of 
MTOCs
148 rsp1
Required for disassembly and assembly of 
MTOCs
353 rsp1
Required for disassembly and assembly of 
MTOCs
383 rsp1
Required for disassembly and assembly of 
MTOCs
717 rsp1
Required for disassembly and assembly of 
MTOCs
718 rsp1
Required for disassembly and assembly of 
MTOCs
896 rsp1
Required for disassembly and assembly of 
MTOCs
913 rsp1
Required for disassembly and assembly of 
MTOCs
1039 rsp1
Required for disassembly and assembly of 
MTOCs
1086 rsp1
Required for disassembly and assembly of 
MTOCs
993 sdh3 Succinate dehydrogenase cytochrome B subunit
859 sfr1
Swi five-dependent recombination repair protein 
1
548 shm2
Protein with high similarity to serine 
hydroxymethyltransferase
556 shm2 Serine hydroxymethyltransferase 
829 sod1
Manganese-containing, mitochondrial superoxide 
dismutase precursor
1014 sod2
Manganese-containing, mitochondrial superoxide 
dismutase precursor
1088 SPAC1039.10
Protein containing an endoribonuclease L-PSP 
domain
196 SPAC10F6.11c Predicted kinase activater
1057 SPAC1296.06 Oxidoreductase activity
246 SPAC1486.07c Mitochondrial ribosomal protein subunit L19
297 SPAC14C4.04 Golgi/ vacuolar associated protein
349 SPAC14C4.04 Hypothetical protein of unknown function
348 SPAC14C4.04 Unknown function
489 SPAC14C4.11 Polyphosphate synthetase 
489 SPAC14C4.11 Polyphosphate synthetase 
492 SPAC14C4.11 Polyphosphate synthetase 
83 SPAC167.05 Hypothetical protein of unknown function
333 SPAC16A10.01 Hypothetical protein of unknown function
1031 SPAC16E8.17c Succinate-CoA ligase alpha subunit 
56 SPAC1851.04c Predicted guanyl-nucleotide exchange factor 
335 SPAC186.06 Hypothetical protein of unknown function




321 SPAC1F8.07c Predicted pyruvate decarboxylase
1077 SPAC227.05 Predicted prefoldin4 subunit
1080 SPAC227.05 Predicted prefoldin4 subunit
413 SPAC22F3.07c Mitochondrial ATP synthase subunit
197 SPAC22F8.08 Secreation GTPase
357 SPAC23C4.03 Putative haspin 
26 SPAC24C9.06c Aconitate hydratase
26 (group 1) SPAC24C9.07c Predicted 1,3 beta glucan synthase 
30 (group 1) SPAC24C9.07c Predicted 1,3 beta glucan synthase 
1102 SPAC24H6.01c Membrane bound O-acyl transferase 
367 SPAC25G10.06 40S ribosomal protein S28A




1016 SPAC2F3.14c Hypothetical protein of unknown function
453 SPAC2G11.05c Unknown function
834 SPAC31G5.19 Member of the ATPase family 
271 SPAC343.06c Predicted phospholipid scramblase
814 SPAC3G6.13c  60S ribosomal protein L41
1095 SPAC3G6.13c  60S ribosomal protein L41
703 SPAC4G8.01c Hypothetical protein of unknown function
422 SPAC4G9.15 Predicted ketoreductase
12 SPAC4G9.15 Predicted ketoreductase 
336 SPAC57A7.12 Predicted heat shock protein
158 SPAC589.06c Hypothetical protein of unknown function
479 SPAC644.08
Predicted methionine salvage haloacid 
dehalogenase-like hydrolase
98 SPAC6B12.14c Unknown function
794 SPAC6F12.13c Putative farnesyl pyrophosphate synthetase
1120 SPAC922.04 Sequence orphan
173 SPAC922.06 Oxidoreductase 
1112 SPAC9E9.04
Unknown function, appears to localise to 
membranes
165 SPAC9E9.09c Aldehyde dehydrogenase
286 SPAC9E9.09c Aldehyde dehydrogenase
630 SPACUNK4.11c Sequence orphan
284 SPAP8A3.02c 1 OG-Fe(II) oxygenase superfamily
294 SPAP8A3.02c 2 OG-Fe(II) oxygenase superfamily
705 SPAPJ691.03 Unknown function
2 (group 1) SPBC106.16 20S proteosome subunit
66 SPBC1198.06c Predicted mannan endo-1,6-alpha-mannosidate
243 SPBC1271.15c Translation initiation factor
310 SPBC1271.15c Translation initiation factor
558 SPBC1271.15c Translation initiation factor
471 SPBC13G1.09
Predicted bystin family U3 and U14 snoRNA 
associated protein
459 SPBC1539.06 Predicted acyl-coenzyme A binding protein
861 SPBC1539.06 Predicted acyl-coenzyme A binding protein
406 SPBC1683.02 Predicted adenine deaminase
75 SPBC1685.04 sequence orphan
84 SPBC16E9.09c COPII vesicle transport
15 SPBC16G5.05c Predicted ER membrane protein
146 SPBC1703.07 Predicted ATP citrate synthase subunit 
180 SPBC1703.13c Predicted mitochondrial carrier protein
340 SPBC17G9.06c Predicted siderophore-iron biosynthesis protein
340 SPBC17G9.06c Predicted siderophore-iron biosynthesis protein 
444 SPBC19G7.03c  40S ribosomal protein S30B
567 SPBC19G7.03c  40S ribosomal protein S30B
258 SPBC215.10 Predicted haloacid dehalogenase-like hydrolase
320 SPBC21C3.19 Unknown function
400 SPBC23G7.06c Unknown function
810 SPBC244.02c Predicted U3 snoRNP-associated protein   
835 SPBC24C6.03 Predicted proline-tRNA ligase
368 SPBC29A10.08 Glycolipid-anchored surface protein precursor
405 SPBC29A3.19 Hypothetical cycloisomerase
687 SPBC2D10.03c Hypothetical protein of unknown function
1066 SPBC2D10.07c
Predicted mitochondrial inner membrane 
peptidase complex catalytic subunit 
124 SPBC2D10.11c Predicted nucleosome assembly protein
18 SPBC2D10.20 Predicted ubiquitin protein ligase
87 SPBC2G2.14 Sequence orphan
157 SPBC2G2.14 Sequence orphan
344 SPBC32H8.09 Hypothetical protein, contains WD repeats
536 SPBC409.13  6,7-dimethyl-8-ribityllumazine synthase 
547 SPBC409.13  6,7-dimethyl-8-ribityllumazine synthase 
334 SPBC577.04 Human THOC5 homologue
247 SPBC646.08c Predicted oxysterol binding 
214 SPBC660.11
Component of the ribosome assembly chaperone 
(RAC) complexrequired for pre-rRNA maturation
249 SPBC713.11c Unknown
33 SPBC83.02c 60S ribosomal subunit
150 SPBC887.17 Uracil permease
176 SPBC887.17 Uracil permease
311 SPBC8D2.04 Histone H3
36 SPBC8D2.18c
Adenosylhomocysteinase activity [P]; 
Trialkylsulfonium hydrolase activity
818 SPBC8E4.02 Predicted agmatinase
927 SPBC8E4.03 Predicted agmatinase
153 SPBC8E4.04 Aldehyde reductase 
439 SPBC947.06c Sugar transporter
28 SPBP165F5.08c Predicted flavoprotein
71 SPBP19A11.02c Sequence orphan
155 SPBP8B7.15c Ubiquitin-protein ligase E3
31 SPBP8B7.25
Cyclophilin family peptidyl-prolyl cis-trans 
isomerase
144 SPCC1020.08 Predicted wybutosine biosynthesis protein
1013 SPCC126.12
Hypothetical protein, predicted NGG1p 
interacting factor 3 family




118 SPCC1672.04c Predicted mitochondrial copper chaperone
168 SPCC1672.04c Predicted mitochondrial copper chaperone
257 SPCC1672.04c Predicted mitochondrial copper chaperone
259 SPCC1672.04c Predicted mitochondrial copper chaperone
279 SPCC1672.04c Predicted mitochondrial copper chaperone
407 SPCC1672.04c Predicted mitochondrial copper chaperone
418 SPCC1672.04c Predicted mitochondrial copper chaperone
681 SPCC1672.04c Predicted mitochondrial copper chaperone
9 SPCC16C4.10 Predicted 6-phosphoglucolactonase
34 SPCC1739.04c Sequence orphan
644 SPCC1906.05 Zinc finger protein
434 SPCC24B10.18
 Human Leydig cell tumor 10 kDa protein 
homologue
11 SPCC285.05 Purine nucleoside permease 
322 SPCC569.01c Unknown function
806 SPCC576.14 Predicted diphthine synthase
324 SPCC594.04c Predicted steroid oxidoreductase
559 SPCC613.07 snoRNA biogenesis
195 SPCC757.07c Catalase
443 SPCC794.04c Sugar transporter 
491 SPCC830.08c ER membrane protein
917 SPCC830.08c ER membrane protein
1083 SPCC830.08c Golgi membrane protein 
486 SPCP1E11.07c
Component of the Cdc5p-associated complex, 
possibly involved in pre-mRNA splicing 
11 (group 1) spi1 Ran GTPase
37 spi1 Ran GTPase
312 spt16 FACT complex component
973 ssl3 Cohesin loading factor
30 (group 1) stt3 Oligosaacharyltransferase
67 tas3
Protein required for heterochromatin assembly 
and silencing at centromeric repeats
856 tea3
Cell tip protein required for initiation of bipolar 
growth and proper septum placement
580 tif225 Putative translation initiation factor
35 tip1
CLIP170 family involved in organisation of 
cytoskeleton 
612 tip1
CLIP170 family involved in organisation of 
cytoskeleton 
790 tip1
CLIP170 family involved in organisation of 
cytoskeleton 
331 tor1
Target of rapamycin, member of the 
phosphatidylinositol kinase-related kinase protein 
family 
175 tpi1 Triosephosphate
375 ubi1 Ribosomal-ubiquitin fusion protein
96 ubi4 Ubiquitin family protein required for meiosis
868 ubl1
Ubiquitin-like protein required for the activation 
of SCF ubiquitin-ligase
1055 ubp25 Ubiquitin carboxyl-terminal hydrolase
79 ufe1 SNARE protein
426 uvi15 Protein essential for stationary phase survival
313 vip1 RNA-binding protein
1061 vip2 RNA-binding protein
217 vip3 RNA-binding protein
281 vip4 RNA-binding protein
1069 vps45 Predicted vacuolar sorting protein 
253 wos2 
p23 family, interacts with cdc2 in M-G1 
transition
641 wtf23 Unknown function







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter IV – Interaction of Myp2 and Mto1 
 
Candidate gene approach: Mto1 localisation to the equator 
I next decided to take a candidate gene approach to identifying the Mto1-interacting 
protein responsible for localising Mto1 to the cell equator. Having shown that Mto1 
localisation is dependent on the actin cytoskeleton, and having observed that Mto1 
co-localises with the CAR, I hypothesised that the unknown localising factor could 
be a CAR component. Mto1 localises to the cell equator late in anaphase, at a point 
when the CAR is nearly fully formed. Mto1 could be directed to the CAR by 
interacting with any of the components that are part of the CAR at the time when 
Mto1 first appears. However, I initially focused on proteins that join the CAR at or 
around the same time as Mto1, based on detailed work from the Pollard laboratory 
describing the order and timing of CAR assembly (Wu et al., 2003). I looked to see if 
Mto1 would localise to the equator in strains lacking these selected CAR components 
(Figure 15). Deleting components that join the CAR when the ring is near 
completion reduces the likelihood of affecting the localisation of other CAR 
components by disrupting CAR assembly and thereby affecting Mto1 localisation 
only indirectly. Little is known about how CAR assembly is regulated and what 
dependencies may be present within the ordered assembly. Mto1-GFP was imaged in 
acp2", myp2", and spn1" strains. Acp2 is an actin-capping protein that stabilises 
actin filaments (Kovar et al., 2005), Myp2 is one of two type II myosins found in the 
CAR (Bezanilla et al., 1997), and Spn1 is a septin involved in cytokinesis (An et al., 



























































































































































































































































































































































































































wild-type control strain, but is not found as an equatorial ring in myp2" (Figure 15, 
B-D). I conclude that localisation of Mto1 to the equator requires Myp2.  
 
Candidate gene approach: yeast two-hybrid interaction 
I then assayed selected CAR genes for interaction with Mto1 using the yeast two-
hybrid system. myp2 and spn1 genes, previously tested for their roles in Mto1 
localisation using gene-deletion strains, were inserted into pACT2.2gtwy bait plasmid 
(plasmid selection: leucine) and tested for interaction with LexA-mto1(769-1115) and 
LexA-mto1(769-1051) (plasmid selection: tryptophan). acp2 was not tested as the 
gene contains introns and therefore cannot be expressed in S. cerevisiae, and the 
acp2 cDNA was not available. Two additional CAR genes were also tested. cdc4, a 
myosin light chain essential for viability known to associate with Myp2 (Naqvi et al., 
2000) and rng3, a protein that promotes myosin function during cytokinesis and 
localises to the CAR during anaphase B (Lord and Pollard, 2004; Lord et al., 2008). 
cdc4 and rng3 are required for viability and so their role in Mto1 localisation could 
not be tested in gene-deletion strains. Although none of these proteins were 
identified as Mto1-interactors in the previous genome-wide yeast two-hybrid screen, 
it is possible that an interaction might be identified using full-length proteins rather 
than the gene fragments that are typically present in prey libraries. All of these genes 
are expressed during meiosis, and would therefore be present in the Shimoda two-
hybrid library (Mata et al., 2002).  
 
Interaction between the candidate proteins and both LexA-mto1(769-1115) and LexA-
mto1(769-1051) was assessed by expression of the HIS3 gene, allowing growth on 
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media lacking histidine (Figure 16, A). As described previously, the extreme C-
terminus of Mto1 is necessary for Mto1 localisation to MTOCs, and I hypothesised 
that the interacting protein that localises Mto1 to the equator might not interact with 
LexA-mto1(76-1051). Gal4AD-HA-spn1, Gal4AD-HA-cdc4 and Gal4AD-HA-rng3 
all showed growth on media minus leucine, tryptophan and histidine with both LexA-
mto1(769-1115) and LexA-mto1(76-1051) as bait; Gal4AD-HA-myp2 showed growth 
with both LexA-mto1(769-1115) and LexA-mto1(76-1051) on media minus leucine 
and tryptophan, but only with LexA-mto1(769-1115) on media minus leucine, 
tryptophan and histidine, suggesting that the Mto1 localisation region 1051-1115 is 
required for Mto1 to interact with Myp2. These prey plasmids were expressed in 
L40"gal without the Mto1 bait plasmids and tested for growth on media minus 
leucine and histidine. No growth was seen, ruling out auto-activation of HIS3 
expression (data not shown). While all the proteins tested appear to interact with 
Mto1, these interactions require additional verification either by biochemical means 
or by showing a functional interaction in vivo due to the limitations of the yeast two-
hybrid system. This data could be expanded by also testing the interactions using the 
LacZ overlay and ONPG assays to assess $-galactosidase expression.  
 
The formin cdc12 was also tested for interaction with LexA-mto1(769-1115), LexA-
mto1(769-1065)  and LexA-mto1(76-1051). Cdc12 joins the CAR around the time of 
SPB separation (Wu et al., 2003) and is essential for viability (Chang et al., 1997). 
There is some evidence that formins influence microtubule nucleation. Mammalian 
formins localise to microtubules in vivo and the over-expression of mDia affects the 
alignment and stability of cytoplasmic microtubules (Ishizaki et al., 2001; Bartolini  
Figure 16  Yeast two-hybrid assays of the interaction of 
Mto1(769-1115) and Mto1(769-1051) with candidate genes  
 Interaction between candidate genes and LexA-mto1(769-1115) 
and LexA-mto1(769-1051) as measured by growth on -WLH 
media. Myp2 interacts with LexA-mto1(769-1115) but not LexA-
mto1(769-1051) (red block). (B) Cdc12 does not interact with 
Mto1 truncations as determined by growth on -WLH media and 
LacZ overlay assay. Two independent Gal4AD-cdc12 plasmids 
were tested. Gal4AD-cdc11(562-1045) vs LexA-mto1(769-1115) 
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et al., 2008). In S. pombe, deletion of the formin for3 increases the number of 
interphase microtubule bundles present in cells (Feierbach and Chang, 2001). Cdc12 
is reported to move along both actin cables and microtubules (Chang, 1999), and 
over-expressed GFP-Cdc12 has been seen to form a filamentous structure 
reminiscent of the PAA, suggesting that Cdc12 may interact with microtubules (K. 
Sawin, personal communication). Interaction was assessed by growth on media 
lacking histidine and by LacZ overlay assay. An L40"gal strain with plasmids 
expressing Gal4AD-Cdc11(562-1045) and LexA-Mto1(769-1115), previously shown 
to interact, was included as a control (Figure 16, B). Gal4AD-cdc12 showed no 
interaction with LexA-mto1(769-1115), LexA-mto1(769-1065) or LexA-mto1(769-
1051). Western blotting was used to test expression of Gal4-Cdc12 using both anti-
Gal4AD (Santa Cruz, sc-46680) and anti-Cdc12 (Sawin laboratory) antibodies, 
however no specific bands were seen for either the test or control strains (data not 
shown). Thus, while it is possible in principle that cdc12 was not expressed, there is 
no evidence to suggest an interaction between Mto1 and Cdc12. 
 
Myp2 was then tested for interaction with other Mto1 truncations to define regions 
within the C-terminal localising domain required for the interaction between Mto1 
and Myp2. Gal4AD-HA-myp2 was tested for interaction with LexA-mto1(769-1095), 
LexA-mto1(769-1085), LexA-mto1(769-1075), LexA-mto1(769-1065), in addition to 
LexA-mto1(769-1115) and LexA-mto1(769-1051). These additional truncations all 
contain the region mto1(1051-1065), necessary for localisation to the cell equator.  
As before, LexA-mto1(769-1115) interacts with Gal4AD-HA-myp2 to give growth on 
media minus leucine, tryptophan and histidine, but growth was not seen for the other 
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Mto1 truncations tested, although all the strains tested grew on media minus leucine 
and tryptophan (Figure 17). The results do not correspond directly with the 
localisation data, however this could be attributed to an artifact of the yeast two-
hybrid assay, perhaps due differences in protein folding in the yeast two-hybrid 
conditions affecting the interaction of Myp2 with the Mto1 fragments. I conclude 
that the C-terminal localising region Mto1(1051-1115) is required for the interaction 
of Mto1 with Myp2.  
 
Myp2 is required for PAA formation 
As Mto1 does not localise to the equator in myp2" cells, the eMTOC should not 
form and no PAA would be expected to be present. Time-lapse wide-field 
microscopy was used to monitor live myp2" cells expressing GFP-Atb2 from the 
early stages of mitosis through spindle elongation, spindle disassembly and cell 
division (Figure 18, Movies 1 and 2). myp2" nmt81:GFP-atb2 cells have no PAAs 
and no signs of microtubule nucleation from the equator were seen. In comparison, 
100% of wild-type nmt81:GFP-atb2 cells formed a PAA (cells with PAA formation: 
0/12 cells for myp2", 14/14 cells for wild-type). Thus Myp2 is required for the 
formation of the PAA, consistent with its requirement for the localisation of Mto1 to 
the cell equator.  
 
Figure 17  Myp2 interacts with Mto1 by yeast two-hybrid 
assay 
Growth of Gal4AD-HA-myp2 vs (A) LexA-mto1(769-1115), (B) 
LexA-mto1(769-1095), (C) LexA-mto1(769-1085), (D) LexA-
mto1(769-1075), (E) LexA-mto1(769-1065) and (F) LexA-
mto1(769-1051) on -WL and -WLH media. Myp2 interacts with 
LexA-Mto1(769-1115), but not with the other Mto1 truncations.   
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Figure 18  Myp2! cells do not have a post-anaphase array 
Deconvolved time-lapse wide-field microscopy of live (A) GFP-
atb2 cells and (B) GFP-atb2 myp2! cells. The asterisk indicates 
the appearance of the PAA and also the continued presence of 
the PAA following mitotic spindle breakdown. No PAA is seen in 
the absence of Myp2 (arrow). Numbers in (A) and (B) indicate 
the time elapsed in seconds since the first frame. 


























Myp2 localisation to the equator does not require Mto1 
As Mto1 localisation to the equator requires Myp2, I asked if Myp2 localisation was 
similarly dependent on Mto1. As discussed previously, Myp2 and Mto1 appear at the 
CAR at approximately the same stage of CAR assembly. Therefore I wanted to 
determine if Myp2 localisation to the CAR could take place independently of Mto1  
recruitment, or whether Myp2 localisation required the formation of a Myp2-Mto1 
complex. To address this point I examined the localisation of Myp2-YFP in mto1" 
cells. Equatorial rings of Myp2-YFP in various stages of contraction were seen in 
both myp2-YFP and mto1" myp2-YFP cells (Figure 19). I conclude that Myp2 
localisation to the CAR does not require Mto1. 
 
The myosin light chain Rlc1 is not required for localisation of 
Mto1 to the equator 
I next asked if the non-essential regulatory light chain Rlc1 was required for 
localisation of Mto1 to the equator. Rlc1 interacts with both Myo2 and Myp2, and 
has been found to relieve auto-inhibition of Myo2 (Naqvi et al., 2000). Having 
established that Myp2 is required for Mto1 localisation to the cell equator, I 
wondered if this required Rlc1. Mto1-GFP was imaged using wide-field microscopy 
in mto1-GFP rlc1" cells. Mto1-GFP can be seen to form an equatorial ring in rlc1" 

















































































































































































































































































































































































































Figure 20  Mto1 localisation to the equator does not require 
the regulatory light chain Rlc1 
Wide-field microscopy showing Mto1-GFP localisation in rlc1! 




 Mto1 co-immunoprecipitates with Myp2-YFP and Ain1-YFP 
To investigate whether Myp2 interacts with Mto1 in vivo, I performed 
immunoprecipitation experiments. Extracts from a number of strains expressing 
native levels of YFP-tagged cytokinesis proteins were tested to see if they would co-
immunoprecipitate Mto1. These strains were the kind gift of Tom Pollard (Wu et al., 
2003; Wu and Pollard, 2005). In addition to Myp2, the septin Spn1 and the actinin 
Ain1 were also included, having been previously shown an interaction with Mto1 in 
the yeast two-hybrid screen. Mto2-GFP, known to associate with Mto1, was included 
as a positive control (Samejima et al., 2005; Venkatram et al., 2005). Co-
immunoprecipitation experiments were carried out using an anti-GFP antibody 
(which recognises both GFP and YFP). Myp2-YFP, Ain1-YFP and Mto2-YFP co-
immunoprecipitated Mto1, but Mto1 was not co-immunoprecipitated in the untagged 
wild-type strain or Spn1-YFP (Figure 21). These results indicate that Mto1 interacts 
with Myp2 and Ain1 in vitro. 
 
Two things are apparent from the Western blot. First, Mto1 levels appear to be 
decreased in the myp2-YFP extract. The amount of Mto1 co-immunoprecipitated by 
Myp2-YFP should therefore be considered relative to the reduced amount of Mto1 
available for immunoprecipitation. Secondly Myp2-YFP appears to be less abundant 
in cell extract than Ain1-YFP, Spn1-YFP or Mto2-GFP. The average number of 
molecules of various common CAR proteins in a single cell has been measured and 
~1.5 times more Myp2 is present in cells than Ain1 (Wu and Pollard, 2005). Why 
then, is so little Myp2 seen in the cell extract? Myp2 is a large protein, making it 
prone to degradation and hard to transfer from acrylamide gels into nitrocellulose, 
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which could explain the discrepancy. These results establish that Myp2 and Ain1, but 






Figure 21  Myp2-YFP co-immunoprecipitates Mto1 
Anti-GFP immunoprecipitation of YFP-tagged CAR proteins. Left 
panel shows the native protein levels of Mto1 and the tagged 
proteins in cell extract (* indicates primary band for YFP-tagged 
proteins). Right panel shows the levels recovered by IP. Mto1 is 
co-immunoprecipitated by Myp2, Ain1 and Mto2 (positive 
control), but not by Spn1 or the untagged negative control strain. 
Respective loading amounts are listed above lanes for the anti-
GFP immunoprecipitation samples. Cell extracts were loaded at 
~35 µg protein for samples probed with anti-Mto1 and 70 µg 
protein for samples probed with anti-GFP. Immunoprecipitation 
lanes represent ~110! extract-equivalent loading relative to total 
cell extract lanes (unless otherwise annotated) for samples 
probed with anti-Mto1, and ~100! extract-equivalent  for 





































Levels of Mto1 protein are reduced in strains expressing 
Myp2-YFP 
It was noted during the above experiments that Mto1 protein levels in the strain 
KS2976 myp2-YFP appeared to be consistently lower than in the other strains used. 
A dilution series shows that expression in KS2976 is ~0.5 the level of the wild-type 
strain KS515 (Figure 22, A).  I hypothesised that this could be related to the presence 
of the YFP tag on the Myp2 protein; if so, this could provide supplementary 
evidence supporting an interaction between Myp2 and Mto1. However, Mto1 
expression could also be affected as a result of novel mutations present in the 
KS2976 strain. I crossed the KS2976 strain against the wild-type strain and 
compared the expression level of Mto1 in progeny expressing either Myp2 or Myp2-
YFP. Expression of Mto1 in strains expressing Myp2-YFP was overall lower than 
for strains expressing untagged Myp2 (based on 10 samples, Figure 22, B). Thus it is 
likely that the addition of a C-terminal YFP tag to Myp2 affects Mto1 stability. 
 
Interaction of Myp2-YFP with Mto1 alleles that fail to localise 
to the equator 
Having shown that Myp2-YFP and Mto1 co-immunoprecipitate, I then asked if 
Myp2 would co-immunoprecipitate mto1 alleles that fail to localise to the equator. 
Co-immunoprecipitation experiments were carried out using Mto1(1-1051) and  
Mto1(1-800) truncations that lack the Mto1(1051-1115) localisation region (Figure 
23). Myp2-YFP was also tested to see if it would co-immunoprecipitate Mto1-427, 
Figure 22  Mto1 levels are reduced in strains expressing 
Myp2-YFP 
(A) Dilution series showing expression of Mto1 in KS2976 myp2-
YFP strains and wild-type KS516. Numbers over each lane 
indicates the relative dilution. (B) Expression of Mto1 in progeny 
derived from out-crossing KS2976 myp2-YFP with wild-type 
strain KS516. Expression of Myp2-YFP correlates with reduced 
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Figure 23  Mto1 alleles that do not localise to the cell 
equator co-immunoprecipitate with Myp2: Mto1 truncations  
Anti-GFP immunoprecipitation of Myp2-YFP. Myp2-YFP co-
immunoprecipitates full-length Mto1, Mto1(1-1051) and 
Mto1(1-800). Immunoprecipitation lanes represent ~100! 
extract-equivalent loading relative to total cell extract lanes for 
samples probed with anti-Mto1 , and ~200! extract-equivalent 
for samples probed with anti-GFP. Cell extracts were loaded at 
35 µg protein for samples probed with anti-Mto1 and 70 µg 
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which contains 3 amino acid substitutions (R1056A, E1059A and E1061A) within 
the C-terminus of Mto1; these mutations disrupt the localisation of Mto1 to the 
eMTOC (Figure 24). Surprisingly, I found that all the alleles of Mto1 tested co-
immunoprecipitated with Myp2. 
 
The Mto1 alleles were also tested for non-specific interactions with the beads used 
during the immunoprecipitation experiments. None of the Mto1 alleles 
immunoprecipitated in strains that expressed untagged Myp2, indicating that the co-
immunoprecipitation of Mto1 alleles that fail to localise to the equator with Myp2-
YFP cannot be attributed to a non-specific interaction (Figure 25). 
 
Mto1-427 co-immunoprecipitates with Myp2-YFP during 
mitotic arrest 
Having shown that Myp2-YFP co-immunoprecipitates Mto1(1-800), Mto1(1-1051) 
and Mto1-427, despite none of these mto1 alleles localising to the equator, I then 
asked whether these interactions might be restricted to interphase. If so, this would 
explain why the alleles interacted with Myp2 despite not localising to the equator 
later in the cell cycle. I asked whether Mto1-427 would co-immunoprecipitate with 
Myp2-YFP during a cps1-191 arrest, in which cytokinesis is blocked, after nuclear 
division and CAR formation has taken place. Co-immunoprecipitation experiments 
were carried out using a cps1-191 mto1-427 myp2-YFP and cps1-191 myp2-YFP 
strains grown for 3 hr at the restrictive temperature of 36°C. Both Mto1 and Mto1-
427 co-immunoprecipitated with Myp2-YFP during cps1-191 arrest (Figure 26). 
 
Figure 24  Mto1 alleles that do not localise to the cell 
equator co-immunoprecipitate with Myp2: Mto1-427 
Anti-GFP immunoprecipitation of Myp2-YFP. Left panel shows 
the native protein levels of Mto1 and Myp2-YFP in cell extract. 
Both Mto1 and Mto1-427 co-immunoprecipitate with Myp2-YFP. 
Cell extracts were loaded at ~35 µg protein for samples probed 
with anti-Mto1 and 70 µg protein for samples probed with anti-
GFP. Immunoprecipitation lanes represent ~750! extract-
equivalent loading relative to total cell extract lanes for samples 
probed with anti-Mto1 and ~100! extract-equivalent  for 











Cell extract !-GFP IP 
151 
Figure 25  Mto1 truncations do not show non-specific 
interactions during co-immunoprecipitation 
Anti-GFP immunoprecipitation of Myp2-YFP from strains 
KS2976 myp2-YFP, wild-type KS516, KS1956 mto1(1-800), 
KS1957 mto1(1-1051) and KS5109 mto1-427. Right panel 
shows levels of Mto1 alleles recovered by IP. Mto1 is co-
immunoprecipitated by Myp2, but no protein is seen for the other 
strains where Myp2 is untagged. Cell extracts were loaded at 
~35 µg protein. Immunoprecipitation lanes represent ~200! 
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Figure 26  Myp2-YFP co-immunoprecipiates Mto1-427 
during cps1-191 mitotic arrest  
Anti-GFP immunoprecipitation of Myp2-YFP. Cell extracts were 
prepared from cultures grown at 36°C for 3 hrs for strains 
KS4957 cps1-191 mto1-427 myp2-YFP, KS4959 cps1-191 
myp2-YFP and KS3724 cps1-191. Left panel shows the native 
protein levels of Mto1 and Myp2-YFP. Right panel shows the 
levels recovered by IP. Both Mto1 and Mto1-427 co-
immunoprecipitate with Myp2-YFP. Immunoprecipitation lanes 
represent ~400! extract-equivalent loading relative to total cell 
extract lanes for samples probed with anti-Mto1 , and ~50! 
extract-equivalent  for samples probed with anti-GFP. Cell 
extracts were loaded at ~35 µg protein for samples probed with 















I then investigated whether the immunoprecipitation of Mto1-427 was from non-
arrested cells present in the cps1-191-arrested sample, as cps1-191 arrest does not 
result in 100% binucleate cells (here cps1-191 arrest generated an average of 73% 
binucleate cells). The immunoprecipitation was repeated using the Li-Cor Western 
system to accurately determine the amount of protein co-immunoprecipitated for 
each sample. The Li-Cor system uses infra-red detection of dye-coupled secondary 
antibodies in place of chemiluminescence, allowing quantitative analysis of protein 
samples.  This allowed me to quantitatively compare the relative proportions of 
Mto1-427 precipitated from cycling and cps1-191-arrested cells.  
 
The amount of Mto1-427 co-immunoprecipitated with Myp2-YFP was determined 
for both csp1-191-arrested and cycling cells after 3 hrs growth at 36°C. 
Immunoprecipitation reactions were also carried out with strains containing untagged 
myp2, to control for any non-specific interaction of the Mto1-427 protein.  Intensity 
levels for bands recognised by anti-Mto1 and anti-GFP (which also recognises YFP) 
are shown in Table 7; the blot is shown in Figure 27. Similar amounts of Mto1-427 
were present in the cell extract for both myp2-YFP mto1-427 and cps1-191 myp2-
YFP mto1-427. The amount of tubulin present in the cell extracts was used to 
determine the amounts of cell extract loaded, and the amount of Mto1-427 present in 
each cell extract corrected to represent equal loading.  More Mto1-427 was present in 
the control untagged strains mto1-427 and cps1-191 mto1-427 relative to the tagged 
myp2-YFP mto1-427 and cps1-191 myp2-YFP mto1-427 strains (~ 27% increase), 
which agrees with the previous finding that the presence of myp2-YFP decreases 
Mto1 levels (and apparently also levels of Mto1-427). The levels of Myp2 present in 
Table 7  Intensity levels for the interaction of Mto1-427 with 
Myp2-YFP in both cycling cells and cps1-191 arrest 
Comparable amounts of Mto1 were present in the initial cell 
extracts. Similar quantities of Myp2-YFP were 
immunoprecipitated, and pulled down comparable amounts of 
Mto1-427. No detectable protein was seen following anti-GFP 
immunoprecipitation of cell extracts from the control strains 
mto1-427 and cps1-191 mto1-427. Quantification was carried 
out using the Li-Cor Odyssey system.    
*Values given corrected for differences in loading. 
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Figure 27  Mto1-427 co-immunoprecipitates with Myp2-YFP 
during mitotic arrest: Li-Cor Western 
Anti-GFP immunoprecipitation of Myp2-YFP from strains KS460 
mto1-427 myp2-YFP, KS5109 mto1-427, KS4957 cps1-191 
mto1-427 myp2-YFP and KS5188 cps1-191 mto1-427. Cell 
extracts were prepared from cultures grown at 36°C for 3 hrs. 
Levels of Myp2-YFP in the cell extract are below the level of 
detection. TAT-1 (tubulin antibody) was used as a loading control 
for the cell extracts (green bands). Myp2-YFP is 
immunoprecipitated for KS460 mto1-427 myp2-YFP (cycling 
cells) and KS4957 cps1-191 mto1-427 myp2-YFP (cps1-191 
arrest); both strains co-immunoprecipitate Mto1-427. No 
Mto1-427 is seen for the other strains where Myp2 is untagged. 
Immunoprecipitation lanes represent ~100! extract-equivalent 
loading relative to total cell extract lanes for samples probed 
with anti-Mto1 antibody, and ~200! extract-equivalent  for 
samples probed with anti-GFP. Cell extracts were loaded at 35 
µg protein for samples probed with anti-Mto1 and 70 µg protein 
for samples probed with anti-GFP. Blot imaged using direct 
infrared fluorescence detection (Li-Cor system). Intensity levels 



































the initial protein extracts were below detection by the Li-Cor system. However 
comparable amounts of Myp2 were immunoprecipitated (85.96 vs 97.10 intensity 
units). Near-identical amounts of the Mto1-427 protein were co-immunoprecipitated 
in cycling cells (97.1 intensity units) and in cps1-191 cells arrested in mitosis (80.03 
intensity units). The amount of Mto1-427 (in intensity units) co-immunoprecipitated 
per intensity unit of Myp2-YFP is 0.95 for cycling cells and 0.82 for cps1-191 
arrested cells. No detectable amount of Mto1-427 was present in the untagged 
control samples. As Myp2-YFP co-immunoprecipitates with Mto1-427 at a similar 
level in both cycling and cps1-191-arrested cells, this interaction is therefore present 
in both interphase and mitotic cells and the hypothesis that the interaction is solely 
present in interphase can be ruled out. I conclude that Mto-427 physically interacts 
with Myp2 in both interphase and mitotic cells.    
 
Mto1-427-GFP does not localise to the cell equator during 
cps1-191 arrest 
I next examined the localisation of Mto1-427 during cps1-191 arrest. Mto1-427 does 
not localise to the equator under standard growth conditions; however Mto1-427 
might appear at the equator during the prolonged arrest conditions. If so, this would 
invalidate any conclusions applied to the interaction between Mto1-427 and Myp2 
during a normal mitosis. The localisation of Mto1-GFP and Mto1-427-GFP in cps1-
191 mto1-GFP and cps1-191 mto1-427-GFP cells was observed after incubation for 
3 hr at 36°C. Clear equatorial rings of Mto1-GFP were visible, but no equatorial 
rings of Mto1-427-GFP were seen (Figure 28). Therefore Mto1-427 does not localise 
to the equator during cps1-191 arrest.  
Figure 28  Mto1-427-GFP does not localise to the cell 
equator during cps1-191 arrest  
Confocal microscopy of live cells showing localisation of (A) 
Mto1-GFP and (B) Mto1-427-GFP during cps1-191 arrest. Mto1-
GFP localises to the cell equator forming a ring (* marks one 










Myp2: a non-essential type-II myosin present in the CAR is required for 
the localisation of Mto1 to the equator 
Myp2 (Myosin-II of pombe), also known as Myo3, was first identified through its 
homology to the previously identified type-II myosin in S. pombe, Myo2 (Bezanilla 
et al., 1997; Motegi et al., 1997). Myosins are actin-binding motors; type-II myosins 
(classified on the basis of sequence similarity (Berg et al., 2001)) provide the 
contractile force in muscle cells and also for CAR contraction during cytokinesis. In 
myp2" cells, Mto1 does not localise to the equator and the PAA does not form. On 
this basis I conclude that Myp2 is required for Mto1 to localise to the equator. In 
addition to this genetic dependency, Myp2-YFP and Mto1 co-immunoprecipitate, 
demonstrating that the proteins interact in vivo. Myp2 and Mto1 also interact by 
yeast-2 hybrid assay, indicating that the proteins can directly interact. I conclude that 
Myp2 interacts with Mto1 and that this interaction is necessary for Mto1 to localise 
to the equator. As Myp2 localisation to the CAR does not require Mto1, Myp2 can 
be placed upstream of Mto1 at the top of the eMTOC formation pathway (shown in 
Figure 19, C). 
 
Myp2" cells are viable and are indistinguishable from wild-type strain on rich media 
but often appear as multi-septated cells with morphology defects on minimal media, 
suggesting defects in cytokinesis (Bezanilla et al., 1997). This phenotype is 
especially prominent when there is a high concentration of chloride ions, and such 
conditions cause cells to become cold-sensitive. This suggests that Myp2 is 
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important for cytokinesis under stress conditions. Over-expression of Myp2 produces 
elongated multi-nucleate cells with few septa. Myp2 shows genetic interactions with 
several temperature-sensitive mutants of genes involved in cytokinesis: myp2" 
shows a synthetic lethal interaction with temperature-sensitive mutations in the 
formin cdc12 (Bezanilla et al., 1997) and the tropomyosin cdc8 (Motegi et al., 1997); 
colony growth is reduced for myp2" cdc14-118 and myp2" cdc16-116 double 
mutants (cdc14 and cdc16 are components of the septation initiation network) 
(Bezanilla et al., 1997); and myp2" act1-188 grow only in the presence of sorbitol 
(unlike act1-188 cells that were able to grow without sorbitol; act1 is the S. pombe 
actin gene)  (Motegi et al., 1997)). These additive phenotypes suggest that Myp2 
plays a role in cell division under normal growth conditions. Both Myo2 and Myp2 
are CAR components, but Myo2 localises to the division site early in CAR 
formation, prior to SPB separation, while Myp2 appears significantly later (Wu et al., 
2003). Deletion of Myo2 is lethal, due to severe cytokinesis defects (Kitayama et al., 
1997; May et al., 1997). Combining the temperature sensitive Myo2-E1 mutant with 
myp2" produces an additive phenotype, indicating that the two myosins have 
separate functions during cytokinesis (Bezanilla and Pollard, 2000). Chimera 
proteins mixing head and tail domains of the two myosins suggest that differences in 
the tail region may determine function. The precise role of each myosin is not 
known.   
 
Myp2 follows the general myosin structure but, unusually, has a series of 19 proline 
residues in the tail region. Myosin heavy chains typically consist of 3 domains. The 
myosin head contains the motor region, binds actin and performs ATP hydrolysis. 
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The neck acts as a linker region, and can function as a lever for force transduction. It 
is also where myosin light chains bind. The tail region contains coiled-coil regions 
that bind to cargo molecules and allows dimerisation between myosin subunits. In 
general the head domain is highly conserved, while the tail region varies, generating 
functional diversity (Goodson and Dawson, 2006). Myosin-IIs typically dimerise 
though an interaction of the tails, the two tails coming together to form an "-helix. 
The proline region in the tail of Myp2 divides the tail into two distinct regions that 
are able to fold back and self-interact to form an anti-parallel coiled-coil. Consistent 
with this, ultracentrifugation analysis show Myp2 sediments as a monomer, and 
electron microscopy measurements find the Myp2 tail to be half the length expected 
(Bezanilla and Pollard, 2000). It is unclear what effect this unusual tail structure has 
on Myp2 function in vivo or how it might affect interaction with Mto1.  
 
Three proteins are known to physically interact with Myp2. Cdc4 and Rlc1 are 
myosin light chains that interact with Myp2 as well as with Myo2 (Naqvi et al., 
1999; Le Goff et al., 2000; Motegi et al., 2000; Naqvi et al., 2000; D'Souza V et al., 
2001) and are present at the equator from the time when Myo2 first appears (Wu et 
al., 2003). Chs2, a transmembrane protein that has homology to chitin synthases, also 
physically interacts with Myp2 (Martin-Garcia and Valdivieso, 2006). Chs2 localises 
to the growing edge of the septum and stabilises the CAR during the late stages of 
cytokinesis. Chs2 localisation is normal in myp2" cells (Martin-Garcia and 
Valdivieso, 2006). Rlc1 is not required for localisation of Mto1 to the cell equator, 
while Cdc4 appears to interact with Mto1(769-1115) and Mto1(769-1051) in a yeast 
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two-hybrid assay although this result requires further confirmation and it is not clear 
what the functional implication of such an interaction might be.  
 
Myp2 interaction with mto1 alleles that fail to localise to the equator 
Since the 1051-1065 region of Mto1 is required for Mto1 localisation to the cell 
equator, I expected that this region would also be necessary for Myp2 and Mto1 to 
interact. However, Myp2-YFP is able to co-immunoprecipitate Mto1 truncations that 
lack this C-terminal domain and do not localise to the cell equator. As Myp2-YFP 
interacts with Mto1(1-800), this suggests that a Myp2-binding domain lies towards 
the N-terminus of Mto1. The N-terminus of Mto1 contains coiled-coil domains; 
coiled coil domains are also found in Myp2 and may mediate the interaction between 
the two proteins. This is not consistent with the my earlier finding that GFP-
Mto1(919-1115) localises to the equator. Also Mto1(769-1115) interacts with Myp2 
in the yeast 2-hybrid assay, supporting the idea of a C-terminal Myp2-binding 
domain.  
 
One possible explanation that reconciles the contradictions between the localisation 
and protein interaction data is that two Myp2-binding domains may be present in 
Mto1: one domain at the N-terminus and one at the C-terminus. If Mto1(1-800) binds 
Myp2, why is this fragment unable to localise to the equator? I hypothesise that the 
C-terminus may be required to stabilise Mto1 once the Myp2-Mto1 complex reaches 
the ring, either by binding to Myp2 or (less likely) to another protein in the CAR. In 
the absence of the C-terminus, Mto1 will be recruited to the equator via the N-
terminal interaction with Myp2, but will fail to anchor at the CAR. While Ain1 has 
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been found to both co-immunoprecipitate Mto1 and to interact with Mto1(769-1115) 
via yeast 2-hybrid assay, an interaction that requires the 1051-1115 region of Mto1, 
and could anchor Mto1 after it is localised by Myp2, the role of Ain1 in Mto1 
localisation is not clear, as Mto1 localises to the equator in ain1" cells. If Ain1 does 
anchor Mto1 it would therefore have to be in combination with another protein. 
 
Alternatively, recent work (I. Samejima, personal communication) has shown that 
Mto1(1028-1095) is sufficient for localisation to the eMTOC, interphase SPB and 
mitotic SPB it may be useful to look at the interaction between Myp2 and Mto1(801-
1027). It is possible that Myp2 might interact with Mto1(1028-1051) even in the 
absence of the 1051-1115 localisation region. This would explain the interaction with 
Mto1(1-1051).  
 
Future work studying the ability of Myp2 to co-immunoprecipitate Mto1(801-1115), 
Mto1(801-1051) and Mto1(801-1027) may give more insight into the mechanism of 
Myp2-Mto1 interaction. I predict that Myp2 will co-immunoprecipitate with 
Mto1(801-1115), but not Mto1(801-1051) or Mto1(801-1027). Further N-terminal 
truncation of Mto1 should also be tested for interaction with Myp2, to establish 
whether there is an N-terminal interaction domain or if this could somehow be 





Chapter V - Regulation of Mto1 localisation to the site 
of eMTOC formation 
 
Understanding how MTOCs are regulated during the cell cycle is a key question. 
MTOCs must be established not only in the right place (spatial control), but also at 
the right time (temporal control). Previous work has established that the recruitment 
of !-tubulin to the eMTOC requires the activity of the anaphase promoting complex 
and the septation initiation network (Heitz et al., 2001). To understand how eMTOC 
formation is regulated I investigated the control of Mto1 localisation to the site of the 
eMTOC.  
Mto1 does not localise to the equator during  
nda3-KM311 arrest 
Mto1 first appears at the site of the prospective eMTOC when the cell is in anaphase 
B (I. Samejima, personal communication; see Introduction). I considered two 
hypotheses to explain this temporal regulation of Mto1. First, Mto1 might appear at a 
fixed amount of time following an earlier cell cycle event such as CAR assembly, 
independently of the cell undergoing anaphase. Alternatively, the appearance of 
Mto1 at the equator might be directly regulated by the cell cycle. To distinguish 
between the two hypotheses, I asked whether Mto1 is present at the equator in cells 
that are arrested in metaphase using the nda3-KM311 mutant strain.  
 
nda3 (nuclear division arrested 3) encodes the #-tubulin protein in S. pombe; the 
KM311 mutation causes microtubules to become reversibly unstable at cold 
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temperature and nda3-KM311 cells arrest at a step similar to mitotic prophase with 
condensed chromosomes, but no spindle (Toda et al., 1983; Hiraoka et al., 1984). 
The CAR forms and is detectable by phalloidin staining (Chang et al., 1996; Arai 
and Mabuchi, 2002). Typical arrest conditions incubate the nda3-KM311 strain for 
several hours at a low temperature. 
 
To begin with, I examined Mto1 localisation using methanol-fixed nda3-KM311 
arrested cells (this was initially done to determine if the nda3-KM311 arrest could be 
used to enrich for Mto1 at the equator to use in TAP purification (related to the 
experiment described in Chapter III)). Samples were taken after growth at 18°C for 
9hrs; samples were also taken 10 and 20 minutes after release to the permissive 
temperature of 36°C. Samples were stained with both anti-Mto1 and anti-tubulin 
antibodies staining to visualise Mto1 localisation and to track cell cycle progression 
based on spindle morphology. In the arrested cells, Mto1 was not present at the 
equator in 90% of cells; once released by shift to the permissive temperature, the 
number of cells with Mto1 at the equator sharply increased as cells entered anaphase, 
decreasing slightly 20 minutes after the release to the permissive temperature (Table 
8). While this ruled out the use of nda3-KM311 arrest to enrich for Mto1 at the cell 
equator, this result supports the hypothesis that Mto1 localisation to the equator is 





Table 8  Immunostaining of microtubules and Mto1 in nda3-
KM311 arrested cells 
Quantification of nda3-KM311 cells c0-immunostained with anti-
tubulin and anti-Mto1 antibodies. Samples were taken 0, 10 and 
20 minutes following release to permissive temperature after 
arrest at 18°C for 9 hrs.  Cells enter mitosis rapidly after release 
to the permissive temperature. Mto1 appearance at the equator 
correlates with mitosis. For each time point, n = 100.   




0% 45% 25% 
Cells with 
PAA 




10% 48% 32% 
Release from  
arrest 




I then repeated the time course, including a wild-type strain as a positive control for 
Mto1 localisation at 18°C. Samples were taken after growth at 18°C for 9hrs and 10, 
20 and 30 minutes after release to the permissive temperature of 36°C. 
Representative images for these time points are shown in Figure 29. Cells were again 
stained with anti-Mto1 and anti-tubulin, and also with DAPI to visualise the nuclei.  
 
At the restrictive temperature, no microtubules were present for nda3-KM311 cells 
and Mto1 was not seen at the equator. Mto1 was found at the equator in wild-type 
cells at 18°C (7/7 cells with PAAs and 2/5 cells with a long (anaphase) mitotic 
spindle), but was not seen for any other cell cycle stage. When released to the 
permissive temperature, nda3-KM311 cells progressed through the cell cycle. Mto1 
was present at the cell equator primarily in cells with a long spindle or with a PAA, 
but also in a minority of cells with a short (metaphase) mitotic spindle. Mto1 is no 
longer found at the equator when the cells re-enter interphase at 30 minutes after 
release to the permissive temperature (Figure 30).  
  
I then examined the localisation of Mto1 during nda3-KM311 arrest using live cells 
immediately after release. A fluorescent-tagged myosin regulatory light chain, Rlc1-
mCherry, was used to label the CAR. Mto1 was expressed from the nmt41 promoter 
under repressed conditions to improve the visibility of Mto1 at the equator during 
recovery at 36°C, as observations revealed that even in wild-type cells Mto1-GFP is 
poorly visible at the equator during live imaging at high temperature. Expression of 
Mto1 from the nmt41 promoter is approximately double that from the native 
promoter, based on Western blotting (H. Snaith, Sawin laboratory).  
nda3-KM311 
9 hr 18°C 
nda3-KM311 
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Figure 30  Localisation of Mto1 
to the equator after release from 
nda3-KM311 arrest (fixed cells)  
(A) Cell cycle distribution of nda3-
KM311 cells transferred to 36°C 
after 9 hrs at 18°C, showing the 
proportion of cells with and without 
Mto1 at the equator at each cell 
cycle stage. (B) Cell cycle stages of 





Cultures were incubated for 9hrs at 18°C. In wild-type nmt41:GFP-mto1 rlc1-
mCherry cells with a CAR, Mto1 co-localised with the CAR in 72% of cells (GFP-
Mto1 is not expected to co-localise with the CAR in all cells with a Rlc1-mCherry 
ring because Rlc1 appears at the CAR earlier in mitosis than Mto1 (see Figure 15, 
panel A)). In contrast, 70% of nmt41:GFP-mto1 nda3-KM311 rlc1-mCherry cells 
did not have Mto1 at the equator (98% of these cells had a CAR). This strain was 
also shifted to the permissive temperature of 36°C for 5 minutes and then imaged at 
36°C. Mto1 was present at the CAR in 100% of released cells at 36°C, despite these 
cells not having entered anaphase (based on SPB separation using Mto1 as an SPB 
marker). Representative images are shown in Figure 31. I conclude that while Mto1 
does not localise to the equator in the majority of nda3-KM311 arrested cells, it is not 
necessary for a cell to have entered anaphase for Mto1 to localise to the equator as 
Mto1 then localises to the equator in all cells immediately when the nda3-KM311 
arrest is released. These results are discussed below. 
 
The anaphase promoting complex is not required for 
localisation of Mto1 to the equator 
A key regulatory pathway active during mitosis, the anaphase promoting complex 
(APC) initiates the events of anaphase by targeting proteins for destruction by the 
26S proteasome (Zachariae and Nasmyth, 1999). Previous work has shown that the 
APC is required for the localisation of !-tubulin to the eMTOC (Heitz et al., 2001). I 
therefore asked whether the localisation of Mto1 to the site of eMTOC formation 
also requires APC activity, and examined Mto1 localisation in the temperature- 
Figure 31  Mto1 localisation to the equator during nda3-
KM311 arrest: live cells 
(A) Wide-field microscopy showing GFP-Mto1 localisation in 
wild-type nmt41:GFP-mto1 rlc1-mCherry cells after 9 hrs at 
18°C; nmt41:GFP-mto1 nda3-KM311 rlc1-mCherry cells after 9 
hrs at 18°C and released after 9 hrs at 18°C to 36°C for 5 min. * 
indicates GFP-Mto1 at the equator in selected cells. (B) 
Graphical representation of GFP-Mto1 localisation to the 
equator in these strains in cells containing a CAR. Mto1 is not 
seen in 100% of cells with a CAR for the wild-type strain as 
Rlc1-mCherry, used to monitor CAR presence, appears before 
Mto1.  
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sensitive cut4.533, cut8.563 and cut9.665 strains at the restrictive temperature. These 
strains were also used in (Heitz et al., 2001); Cut4 and Cut9 are sub-units of the APC 
(Yamashita et al., 1996; Yamada et al., 1997), while Cut8 is required to localise the 
26S proteasome to the nuclear periphery (Tatebe and Yanagida, 2000).  
 
Inactivation of the APC pathway produces cells that are unable to exit metaphase. 
The nuclear division cycle is uncoupled from cytokinesis as the CAR continues to 
form and eventually contracts while the cell is still mononucleate. This typically 
results in a ‘cut’ phenotype: the cell is ‘untimely torn’, and the single nucleus ripped 
apart (Hirano et al., 1986; Samejima et al., 1993; Yamada et al., 1997; Yanagida, 
1998), but can also generate an anucleate cell. Initially, I studied when the cut 
phenotype appeared in cut4.533 alp4-tdT:natMx6 mto1-GFP:kanMX, cut8.563 alp4-
tdT:natMx6 mto1-GFP:kanMX and cut9.665 alp4-tdT:natMx6 mto1-GFP:kanMX 
strains grown in YE5S medium. In these strains Alp4 is tagged with tandem dimer 
Tomato, a red fluorescent protein. Samples were taken at 30 min intervals after 
cultures were shifted to the restrictive temperature of 36°C. Cells were methanol-
fixed and stained with DAPI and calcofluor to monitor nuclear division and septum 
formation (Figure 32). Cut cells are present from 2 hr after the shift to the restrictive 
temperature. This information was used to determine the optimal time to observe the 
cut phenotype after the shift to the restrictive temperature. 
 
The experimental approach used to determine Mto1 localisation in cut mutant strains 
developed over time. Initially, I planned to quantify Mto1 localisation using single 
time-point images of live cells. Live cell imaging of fluorescent-tagged proteins in 
Figure 32  Emergence of the cut phenotype at the restrictive 
temperature 
(A) Quantification of cells with a cut phenotype at 36°C. Cells 
were methanol-fixed and strained with DAPI and calcofluor. Cut 
cells are first observed ~120 min after the shift to the restrictive 
temperature. The number of cut cells begins to plateau after 210 
min for cut4.533 and cut8.563. (B) and (C) Examples of cut 



















 general gives a clearer image with less background staining than the 
immunostaining of fixed cells, such as was used previously ((Heitz et al., 2001). 
Alp4-tdT was to be used as an SPB marker to track spindle length, in combination 
with GFP-tagged Mto1.  
 
A paper from the Oliferenko group, Temasek Life Sciences Laboratory, Singapore 
(Vjestica et al., 2008) was then published that described Rlc1-mCherry and also a 
nuclear marker, Uch2-mCherry (a ubiquitin carboxyl-terminal hydrolase, associated 
with the 26S proteasome). Combining these fluorescent proteins is an excellent 
approach for observing the cut phenotype, as the CAR can thus be seen to cut the 
nucleus. I decided to image GFP-tagged Mto1 in combination with Rlc1-mCherry 
and Uch2-mCherry using time-lapse spinning-disc confocal microscopy. Following 
Mto1 localisation as the cell cuts demonstrates that the cell does not have a 
functional APC pathway at the time of imaging. This establishes that any slight 
temperature fluctuations present during sample preparation have not reversed the 
arrest. Slide preparation and precautions taken to maintain the restrictive temperature 
are described in the Materials and Methods section. GFP-Mto1 was expressed from a 
repressed nmt41 promoter to improve the signal at the higher temperature (~two-
times over-expression relative to the native promoter).  
 
Mto1 localisation to the CAR was monitored in live nmt41:GFP-mto1 rlc1-mCherry 
uch2-mCherry and cut4.533 nmt41:GFP-mto1 rlc1-mCherry uch2-mCherry cells 
from 2hrs after a shift to the restrictive temperature of 36°C. In the wild-type strain, 
Rlc1-mCherry joined the CAR prior to nuclear division. As the nucleus divided, 
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GFP-Mto1 appeared at the equator, co-localising with the CAR, and continued to co-
localise as the CAR contracted and divided the cell (Figure 33, Movies 3 and 4). 
GFP-Mto1 localised to the cell equator in 8/8 wild-type cells. In the cut4.533 strain, 
the CAR forms as in the wild-type strain. However, the mitotic spindle does not 
elongate and the nucleus does not divide. As with the wild-type, GFP-Mto1 appeared 
at the equator, co-localising with the CAR, and continued to co-localise as the CAR 
contracted. The CAR can clearly be seen to cut the nucleus (Figure 34, Movies 5 and 
6). GFP-Mto1 localised to the cell equator in 8/8 cut4.533 cells. Mto1 localisation to 
the CAR was then monitored in live wild-type, cut4.533, cut8.563 and cut9.665 cells 
expressing nmt41:GFP-Mto1, Rlc1-mCherry and Uch2-mCherry from 3hrs after a 
shift to 36°C. GFP-Mto1 localised to the cell equator for 13/13 wild-type cells 
(Figure 35, Movies 7 and 8). GFP-Mto1 was clearly observed to co-localise with the 
CAR in cells with a cut phenotype for 7/7 cut4.533 cells (Figure 36, Movies 9 and 
10), 20/20 cut8.563 cells (Figure 37, Movies 11 and 12) and 5/5 cut9.665 cells 
(Figure 38, Movies 13 and 14). Thus I conclude that the APC is not required for 
Mto1 localisation to the cell equator.  
 
Next, I examined PAA formation in cut4.533, cut8.563 and cut9.665 strains at 36°C. 
If the PAA does not form, this would support the previous finding that "-tubulin 
localisation to the eMTOC requires the APC. Strains were grown and imaged in 
YE5S media as some cut mutant strains do not exhibit the cut phenotype in minimal 
media. Temperature-sensitive mutant strains of cut1- cut9 were originally isolated 
from cells growing on rich media (Hirano et al., 1986). Media-related differences in 
phenotype expression may be due to differences in cAMP levels under different  
Figure 33  The APC is not required for localisation of Mto1 
to the equator: wild-type cell after 2 hrs at 36°C 
Time-lapse confocal microscopy of nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry cell from 2 hr 06 min at 36°C. GFP-Mto1 
can be seen at the SPBs. The CAR forms at the centre of the 
cell (marked by Rlc1-mCherry, arrow). The nucleus (marked by 
Uch2-mCherry) divides and GFP-Mto1 appears at the equator 
(*), co-localising with the CAR. The CAR then contracts, dividing 













































Figure 34 The APC is not required for localisation of Mto1 
to the equator: cut4.533 cell after 2 hrs at 36°C 
Time-lapse confocal microscopy of cut4.533 nmt41:GFP-mto1 
rlc1-mCherry uch2-mCherry cell from 2 hrs at 36°C. The CAR 
forms (arrow); GFP-Mto1 is present at the SPBs and later 
appears at the equator (*), co-localising with the CAR. The CAR 
then contracts, ‘cutting’ the single nucleus. Numbers indicate 



















































Figure 35  The APC is not required for localisation of Mto1 
to the equator: wild-type after 3 hrs at 36°C 
Time-lapse confocal microscopy of nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry cell from 3 hr 20 hrs at 36°C. The CAR 
contracts dividing the cell. GFP-Mto1 localises to the cell 
equator and co-localises with the CAR. Numbers indicate time 












































Figure 36  The APC is not required for localisation of Mto1 
to the equator: cut4.533 after 3 hrs at 36°C 
Time-lapse confocal microscopy of cut4.533 nmt41:GFP-mto1 
rlc1-mCherry uch2-mCherry cell from 3 hrs 08 min at 36°C. 
GFP-Mto1 is present at the SPBs and later appears at the 
equator (*), co-localising with the CAR. The CAR contracts, 
producing one mononucleate and one annucleate cell. Numbers 



















































Figure 37  The APC is not required for equatorial 
localisation of Mto1: cut8.563 after 3 hrs at 36°C 
Time-lapse confocal microscopy of cut8.563 nmt41:GFP-mto1 
rlc1-mCherry uch2-mCherry cell from 3 hrs 12 min at 36°C. 
GFP-Mto1 is present at the SPBs (and forms occasional 
cytoplasmic dots) and appears at the equator (*), co-localising 
with the CAR. The CAR contracts, cutting the nucleus. Numbers 



















































Figure 38  The APC is not required for localisation of Mto1 
to the equator: cut9.665 after 3 hrs at 36°C 
Time-lapse confocal microscopy of cut9.665 nmt41:GFP-mto1 
rlc1-mCherry uch2-mCherry cell from 3 hrs 19 min at 36°C. 
GFP-Mto1 appears at the equator (*), prior to the CAR cutting 




















































growth conditions. I found that cut4.533 cells did not show a cut phenotype when 
grown in minimal media 2, 4 and 5 hrs after transfer to 36ºC (data not shown). cut8 
and cut9 were not tested. As YE5S media was used, GFP-Atb2 (to label 
microtubules) was therefore expressed from the SV40 promoter (Jones et al., 1988) in 
place of the more commonly used nmt81 promoter, whose expression would be 
strongly repressed in rich media. Strains were initially constructed to express 
SV40:GFP-atb2 with no other fluorescently-tagged proteins in the cell; 
unexpectedly, the arrested short metaphase spindles appeared to elongate after an 
extended metaphase (data not shown).  
 
I then introduced Rlc1-mCherry and Uch2-mCherry to the SV40:GFP-atb2 APC-
mutant strains, to better track the cut phenotype. Observations in these strains 
confirmed my initial observations as the cells showed a significant metaphase arrest, 
but the mitotic spindle then elongated either before or during CAR contraction 
(11/12 dividing cells cut4.533, with one dividing cell where the CAR contracted and 
the mitotic spindle did not elongate, Figure 39, Movies 15 and16; 6/6 dividing cells 
cut8.563 Figure 40, Movies 17 and 18 and 7/7 cells cut9.665 Figure 41, Movies 19 
and 20). The nucleus is either cut or in the case of cut8.563 appears to divide prior to 
CAR formation. Overall, the strains did not show normal cell division, but neither 
did they show a classic cut phenotype with nuclear division arrest, despite the strains 
being temperature sensitive (assessed by growth on solid media containing the dye 
phloxin B, which preferentially stains dead cells, at 25°C and 36°C) The imaging 
treatment used was identical to that used previously.  
 
Figure 39  PAA formation: cut4.533 after 3 hrs at 36°C 
Time-lapse confocal microscopy of cut4.533 rlc1-mCherry uch2-
mCherry SV40:GFP-atb2 cell from 3hrs 10 min incubation at 
36°C. The CAR starts to contract (*) while the cell is 
mononucleate, but the mitotic spindle then elongates (arrow). 
Faint microtubules appear that span the horizontal axis of the 



















































Figure 40  PAA formation:  cut8.563 after 3 hrs at 36°C 
Time-lapse confocal microscopy of cut8.563 rlc1-mCherry uch2-
mCherry SV40:GFP-atb2 cell from 3hrs 09 mins incubation at 
36°C onwards. The mitotic spindle elongates and the nucleus 




















































Figure 41  PAA formation: cut9.665 after 3 hrs at 36°C 
Time-lapse confocal microscopy of cut9.665 rlc1-mCherry uch2-
mCherry SV40:GFP-atb2 cell from 3 hr 15 min at 36°C. After an 
extended metaphase, the mitotic spindle elongates as the CAR 
contracts, cutting the nucleus. Some microtubule nucleation is 





















































I then imaged the wild-type rlc1-mCherry uch2-mCherry SV40:GFP-atb2 strain and 
found that this strain did not undergo a normal cell division at 36°C . Strikingly, this 
strain had significant defects in nuclear positioning following nuclear division (6/7 
dividing cells, with one cell showing a normal division Figure 42, Movie 21, Movie 
23). These defects took the form of one nuclei moving close to the CAR, 
independently of the movement of the other nucleus. In one notable example a newly 
separated nucleus moves from the cell tip to the centre of the cell, but then passes 
through the CAR (Figure 43, Movie 22). It was not clear from the images whether 
PAAs formed in the wild-type strain. Imaging has not been carried out at 25°C, so it 
is not known whether defects in cell division are also present at a lower temperature 
or if the nuclear positioning phenotype is temperature-dependent. The unusual 
behaviour of the wild-type strain led me to suspect that a suppressor mutation to the 
cut phenotype may be present in the original SV40:GFP-atb2 parent strain (KS4956). 
 
KS4956 was the kind gift of Fred Chang, Columbria University, USA (originally 
numbered FC1234). The strain was constructed by integration of the plasmid 
pMP103 (Pardo and Nurse, 2005) into strain FC421 h- leu1- ura4- ade6- at the leu1 
locus (Bratman and Chang, 2007). Specific integration at this locus was confirmed 
by backcrossing; there is no mention of the strain being sequenced to additionally 
confirm the mutation. The apc10 gene lies ~420 bp upstream of leu1 and could have 
been disrupted during the plasmid integration, although the apc10" null strain is 
inviable (Kominami et al., 1998). 
 
 
Figure 42  PAA formation: wild-type after 3 hrs at 36°C 
Time-lapse confocal microscopy of rlc1-mCherry uch2-mCherry 
SV40:GFP-atb2 cells from 3hrs 13 min incubation at 36°C. The 
mitotic spindle elongates as the cell through pro-metaphase to 
anaphase. The nucleus divides and the nuclei segregate to the 
cell ends. The left nucleus then moves back towards the CAR 












































Figure 43  PAA formation: wild-type after 3 hrs at 36°C 
Time-lapse confocal microscopy of rlc1-mCherry uch2-mCherry 
SV40:GFP-atb2 cells from 3hrs 13 min incubation at 36°C. The 
right nucleus passes through the CAR (arrow). Numbers indicate 













































Whatever the mutation in the SV40:GFP-atb2 strain, it appears to be closely linked 
to the integrated gene as the parent strain (KS4956) was crossed to multiple strains 
during the process of constructing the different strains in their final forms. Due to 
these difficulties, whether APC mutants have a PAA remains an open question.  
 
Requirement of the septation initiation network 
for PAA formation 
The SIN pathway is also required for the localisation of !-tubulin at the eMTOC 
(Heitz et al., 2001). I therefore asked whether the appearance of Mto1 at the equator 
requires an active SIN pathway. 
 
I started by looking at the accumulation of nuclei in SIN mutant strains with time, 
after transfer to the restrictive temperature. Mutations in the SIN genes create cells 
that are unable to complete cytokinesis: cells undergo multiple rounds of nuclear 
division (Balasubramanian et al., 1998). The CAR forms with each set of nuclear 
division, and disassembles without contracting. Cells were formaldehyde-fixed and 
stained with DAPI to monitor the number of nuclei present in the cell and phalloidin 
to visualise CARs. Binucleate cells accumulated over wild-type levels from 3 hr after 
shift to the restrictive temperature of 36.5° (Figure 44). The proportion of cells with a 
CAR generally peaked after 3 hr (with the exception of cdc14.118 where it peaked at 
4 hr; this seems to correlate with a slower appearance of binucleate cells in 
cdc14.118), but CAR formation continues at 4 hr after the shift to the restrictive 
temperature as new binucleate cells develop (Figure 45).   
Figure 44  Accumulation of nuclei in SIN mutant strains 
Quantification of mononucleate, binucleate and multinucleate 
cells for SIN mutant strains grown in minimal media after 2, 3 
and 4 hr at 36.5°C (restrictive temperature). wild-type cells are 
predominantly mononucleate, with the proportion of binucleate 
cells remaining constant over time. The proportion of binucleate 
cells increases with time for SIN mutant strains; a small number 
of multinucleate cells seen at later time points. Cells were 
formaldehyde-fixed and stained with DAPI and phalloidin. N = 
300 cells. 
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Figure 45  Proportion of cells with a CAR for SIN mutant 
strains 
Quantification of cells with a CAR for SIN mutant strains grown 
in minimal media after 2, 3 and 4 hr at 36.5°C (restrictive 
temperature). The number of cells with CARs peaks at 3 hr after 
the shift to the restrictive temperature. CARs are also seen after 
4 hr. Cells were formaldehyde-fixed and stained with DAPI and 
phalloidin. N = 300 cells. 
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Next I examined PAA formation in SIN temperature-sensitive mutant strains 
expressing GFP labelled anti-tubulin from the nmt81 promoter. At the permissive 
temperature (25°C), PAAs appeared immediately preceding or at the time of mitotic 
spindle breakdown for 6/6 nmt81:GFP-atb2 sid4-SA1 dividing cells, 10/10 cdc11-
123 nmt81:GFP-atb2 dividing cells and 8/8 cdc7-24 nmt81:GFP-atb2 dividing cells 
(Figure 46, Movies 24-29).  
 
In contrast, at the restrictive temperature of 36.5°, PAAs were not seen in SIN-
deficient mutant strains (3/3 nmt81:GFP-atb2 sid4-SA1 cells with mitotic spindle 
breakdown,  9/9 cdc11-123 nmt81:GFP-atb2 cells with mitotic spindle breakdown 
and 12/12 cdc7-24 nmt81:GFP-atb2 cells with mitotic spindle breakdown; Figure 
47, Movies 32-37). Time-lapse movies were taken from approximately 2.5 hrs after 
the shift to 36.5°, to capture the appearance of the maximum number of binucleate 
cells. PAA formation was seen for 7/7 dividing wild-type nmt81:GFP-atb2 cells 
(Figure 47, A, Movies 30 and 31) However, PAA formation was less robust at 
36.5°C than at the 25°C and cells did not form microtubule nucleation until some 
time after mitotic spindle disassembly (Panel A of Figure 47, an 11-minute gap is 
seen between mitotic spindle disassembly and PAA appearance). At this point 
septation has begun (based on the width of the PAA, suggesting that CAR 
contraction had commenced and corresponding pinching in of the cell at the division 
site). SIN-mutant strains arrest prior to septation as the CAR disassembles without 
contraction. Since the wild-type control strain did not form a PAA until it had 
progressed further into the cell cycle than the SIN mutants are able  
Figure 46  PAA formation in SIN mutant strains at 25°C 
Time-lapse confocal microscopy of (A) nmt81:GFP-atb2 sid4-
SA1 and (B) cdc11-123 nmt81:GFP-atb2  and (C) cdc7-24 
nmt81:GFP-atb2 cells at 25°C (permissive temperature), 
showing PAA formation. First nucleation at the cell equator is 
seen immediately preceding mitotic spindle breakdown. 




























































Figure 47  PAA formation in SIN mutant strains at 36.5°C 
Time-lapse confocal microscopy of (A) nmt81:GFP-atb2, (B) 
nmt81:GFP-atb2 sid4-SA1, (C) cdc11-123 nmt81:GFP-atb2  and 
(D) cdc7-24 nmt81:GFP-atb2 cells at 36.5°C (restrictive 
temperature). The PAA is present for the wild-type control, but 
nucleation is delayed relative to PAA at 25°C and does not 
appear until septum formation can be seen rather than 
immediately prior to mitotic spindle disassembly. Numbers 
indicate time elapsed (in min). Filming started 2 hr 55 min, 2 hr 
17 min, 2 hr 35 min and 2 hr 17 min after the shift to the 









































































to, I conclude that the lack of PAAs in SIN cannot be attributed to a requirement for 
the SIN pathway using time-lapse microscopy. 
 
The septation initiation network is not required for 
localisation of Mto1 to the equator 
I then moved on to determine whether the SIN pathway was required for Mto1 
localisation. Mto1 localisation to the CAR was monitored using time-lapse spinning-
disc confocal microscopy of live nmt41:GFP-mto1 rlc1-mCherry uch2-mCherry and 
sid4-SA1 nmt41:GFP-mto1 rlc1-mCherry uch2-mCherry from 2.5 hrs after a shift to 
the restrictive temperature of 36.5°C.  Cells were grown in minimal media with 15 
µM thiamine to repress expression of from the nmt41 promoter. The conditional 
sid4-SA1 mutant was selected for analysis because Sid4 functions upstream of the 
other SIN components; disabling Sid4 therefore disrupts the entire SIN pathway. The 
mCherry proteins used are the same as those used previously to examine the cut 
phenotype. Here the nuclear and CAR markers are used to confirm that sid4-SA1 
mutant cells do not complete cytokinesis: in the mutants the CAR forms and the 
nucleus divides, but the CAR is not triggered to contract and instead disassembles. 
GFP-Mto1 localised to the cell equator in 13/13 wild-type cells prior to the start of 
septation (Figure 48, Movies 38, 39). For sid4-SA1 GFP-Mto1 localised to the cell 
equator in 9/9 cells with a CAR (Figure 49, Movies 40, 41). Thus Mto1 localisation 
to the cell equator does not require the SIN.  
 
 
Figure 48  The SIN is not required for localisation of Mto1 to 
the equator: wild-type cell at 36.5°C  
Time-lapse confocal microscopy of nmt41:GFP-mto1 rlc1-
mCherry uch2-mCherry cell from 2 hrs 08 mins at 36.5°C. Mto1 
appears at the equator and is present as the CAR contracts. 












































Figure 49  The SIN is not required for localisation of Mto1 to 
the equator: sid4-SA1 cell at 36.5°C 
Time-lapse confocal microscopy of sid4-SA1 nmt41:GFP-mto1 
rlc1-mCherry uch2-mCherry cell from 2 hrs 09 mins at 36.5°C. 
Mto1 is present at the CAR. The CAR then breaks down, 




















































Anaphase and Mto1 localisation 
In wild-type cells Mto1 localises to the site of the prospective eMTOC during 
anaphase and this localisation requires the CAR. I found that Mto1 is not present at 
the cell equator in arrested nda3-KM311 cells, despite these cells having a CAR. 
This suggested that the metaphase-anaphase transition is important for regulating 
Mto1 localisation, possibly due to cell-cycle dependent post-translational 
modification regulating the Myp2-Mto1 interaction. However, paradoxically, Mto1 
is present at the equator in APC mutant cells that do not enter anaphase, suggesting 
that the cell does not need to have entered anaphase for Mto1 to localise to the 
equator. Mto1 is also present at the equator in cells released from an nda3-KM311-
arrest that have a short mitotic spindle. These results are not immediately easy to 
reconcile. If anaphase is not required for Mto1 localisation to the equator, why is 
Mto1 not present at the equator during nda3-arrest?  
 
It is possible that Mto1 does localise to the equator earlier in the nda3-arrest, 
remaining at the equator for the 30% of nda3-arrested cells observed to have Mto1 at 
the equator when observing live cells, but is no longer present at the equator in the 
majority of cells after 9 hrs at 18°C. Mto1 was not seen at the equator using 
immunostaining of fixed cells, perhaps because the punctate staining seen with anti-
Mto1 staining, makes it difficult to detect low levels of protein at the equator. Mto1 
was also slightly over-expressed in the live cell imaging. It is not clear why Mto1 
would disassociate from the cell equator having once localised, but this may be due 
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to alterations in CAR structure that cause the CAR to be broader during nda3-
KM311 arrest than it is in wild-type cells (Chang et al., 1996).  
 
Alternatively Mto1 may indeed fail to localise to the equator during nda3-KM311 
arrest due to cell-cycle dependent events that take place in the APC mutants, but not 
during nda3-KM311 arrest. If so, the nda3-KM311 arrest may block CAR maturation 
and impair Mto1 localisation by affecting Myp2 incorporation into the CAR. Future 
work should determine whether Myp2 is present at the cell equator during nda3-
KM311 arrest.  
 
In the example of mutant cells where Mto1 is present at the equator prior to anaphase 
(in APC-mutant strains and in some nda3-KM311-arrested cells soon after release), 
the cell has experienced an extended period in metaphase. This time may be 
necessary for the CAR to develop to the point where Myp2 joins the CAR; Mto1 
may not appear earlier in the cell cycle during normal cell division because of the 
time necessary for the CAR to mature. I conclude that Mto1 localisation does not 
require the cell to have entered anaphase, ruling out cell cycle direct regulation of 
Mto1 localisation to the cell equator.   
 
Mto1 localisation is independent of regulation known to affect eMTOC 
formation 
Mto1 is present at the equator in strains that do not have an active APC or SIN 
pathway. These pathways have both been identified as necessary for eMTOC 
formation, as "-tubulin is reportedly absent from the equator when these pathways 
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are disrupted (Heitz et al., 2001). This data rules out the model that APC and SIN 
regulation of "-tubulin recruitment to the eMTOC is enacted through control of Mto1 
localisation and suggests that the interaction between Mto1 and the "-TuC is instead 
regulated. This is an intriguing hypothesis, but to support the model it is necessary to 
be confident that "-tubulin is indeed absent from the eMTOC when the SIN or APC 
are inactivated. 
 
Previous work suggested that PAA formation requires the SIN (Pardo and Nurse, 
2003), consistent with a lack of "-tubulin. I replicated this work and also found that 
PAAs do not form in conditional SIN mutant strain at the restrictive temperature. 
However, defects in PAA development in wild-type strains grown at the restrictive 
temperature hinder interpretation of the findings and suggest that the lack of PAAs 
could be artifactual. In wild-type cells at 36.5°C, the PAA did not form until the first 
signs of septation were seen. Therefore the effects of the high temperature cannot be 
separated from the inactivation of the SIN and no conclusion can reliably be drawn. 
It is not clear why PAA formation is altered at high temperature; Mto1 expressed at  
native levels localises poorly to the equator at high temperature and this may be a 
contributing factor.  
 
Another approach that could be used to address the question of PAA formation in 
SIN mutant strains is spore germination of null mutants in the SIN pathway. Spores 
are unable to undergo cell division in the absence of the SIN, but form CARs and 
undergo a number of nuclear divisions (Krapp et al., 2001). Recent work by I. 
Samejima, (Sawin laboratory) observing microtubule nucleation in germinating 
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cdc11" spores showed mitotic spindle formation, but no PAA formation, suggesting 
that PAA formation does indeed require the SIN. 
 
A role has been identified for the SIN pathway in CAR assembly (Hachet and 
Simanis, 2008), with SIN mutants failing to form a homogeneous CAR. Defects in 
CAR assembly could affect eMTOC function and PAA formation, although my 
findings show that Mto1 localises to the CAR in SIN mutants. Myp2 presence at the 
CAR is also reported to be SIN-independent (Wu et al., 2003), although the signal 
intensity of Myp2-YFP is weak in the example shown, with the equatorial ring being 
indistinct. Whether Myp2 localisation requires the APC is not known. 
 
Whether PAAs form in APC mutant strains remains unknown. As PAA formation is 
seen in wild-type cells at the restrictive temperature during CAR contraction, and the 
CAR does contract in APC mutant strains, PAA formation can theoretically be 
assessed using time-lapse microscopy of temperature-sensitive strains. Alternatively, 
spore germination of deletion strains could be used.  
Why might the interaction between Mto1 and the "-TuC be regulated? While Mto1 
recruits the "-TuC to MTOCs at several times during the cell cycle, cytoplasmic 
microtubule nucleation is not constitutively present (Figure 50). No cytoplasmic 
microtubule nucleation is seen during metaphase, after the disassembly of interphase 
microtubule bundles and before the appearance of astral microtubules during 
anaphase B - what were previously thought to be astral microtubules present earlier 
in mitosis having since been shown to be intranuclear (Zimmerman et al., 2004a). 
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Regulating the interaction between Mto1 and the "-TuC may therefore serve to 
regulate cytoplasmic nucleation.  
 
I speculate that the absence of nucleation in early mitosis could be due to targeted 
disruption of the interaction between Mto1 and the "-TuC via phosphorylation by the 
cyclin dependent kinase, Cdc2. This disruption would later be relieved by activation 
of the APC, which inactivates Cdc2 via proteolytic destruction of the associated 
cyclin, Cdc13. Mto1 is again able to interact with the "-TuC and targets the "-TuC to 
the SPB to nucleate astral microtubules and later in anaphase to the eMTOC to 
nucleate the PAA. However, recent data from the laboratory suggests that Mto1 co-
immunoprecipitates the "-TuC during an nda3-KM311 arrest, casting the model in 
doubt, although it is possible that interaction alone is not sufficient to activate the "-
TuC. As Mto1 is present at the SPB through out the cell cycle (Sawin et al., 2004) 
and the "-TuC is present on the nuclear face of the SPB it is impossible to determine 
if "-tubulin is indeed absent from the cytoplasmic face of the SPB during metaphase 
using light microscopy. This could instead be addressed using electron microscopy.  
Figure 50  Model of APC regulation of microtubule 
nucleation 
Interphase: Mto1/ !-TuC is present at the SPB to nucleate 
interphase microtubules. Metaphase: no nucleation is seen from 
the SPB, which we suggest may be due to an absence of !-TuC 
from the cytoplasmic face of the SPB at this stage of the cell 
cycle. I propose that the interaction between Mto1 (blue) and !-
TuC (red) is disrupted by Cdc2 phosphorylation. Anaphase: In 
my model APC activity down-regulates the activity of Cdc2 by 
targeting Cdc13 for proteolysis. The Mto1-!-TuC interaction is 
re-established, and the !-TuC is then recruited by Mto1 to the 
SPB to nucleate astral microtubules and also to the eMTOC to 
























































































































Mto1 interacting proteins 
As discussed in Chapter IV, further immunoprecipitation experiments are needed to 
first determine whether the Mto1 C-terminal truncations that localise to the cell 
equator will also co-immunoprecipitate with Myp2, and ultimately to map the 
minimal areas of Mto1 able to interact with Myp2. These experiments should 
increase our understanding of the function of the localising Mto1(1051-1115) region, 
by revealing whether this region is necessary for Mto1 to interact with Myp2, or if 
Mto1(1051-1115) could instead function to anchor Mto1 at the CAR.  
 
Another area to investigate will be to define the minimum region of Myp2 necessary 
for interaction with Mto1. Given the size and structure of Myp2, it may be useful to 
use alanine-scanning (sequential substitution of alanine codons within a protein 
coding region) in addition to testing protein truncations, to preserve Myp2 structure 
while removing regions of the protein.  Continuing on from this, it may be of interest 
to create a hybrid from the minimal required region of Myp2 with the localisation 
domain of another protein and see if it is possible to create a novel MTOC by 
altering the localisation of Mto1.  
 
Once the minimum regions necessary for interaction between Mto1 and Myp2 have 
been determined, techniques such as surface plasma resonance and isothermal 
titration calorimetry can be used to show a direct interaction between Myp2 and 
Mto1 using recombinant proteins. These methods are not suitable for use with the 
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large full-proteins, and may not detect an interaction using protein fragments if the 
proteins mis-fold or if post-translation modifications are required. Alternatively, 
chemical crossing-linking could be used to detect a direct interaction; this has the 
advantage that this can be carried out with cellular lysate, retaining any necessary 
post-translational modifications.  
 
Having shown that Rsp1 interacts with Mto1(1-1115), but not Mto1(1-1051) in vivo, 
I speculate that Rsp1-mediated disassembly of the eMTOC may be due to Rsp1 
disrupting an interaction between Mto1 and Myp2. This model could be investigated 
by testing whether competition from Rsp1 can disrupt the interaction between Myp2 
and Mto1(769-1115) in a yeast two-hybrid assay. 
 
Regulation of eMTOC formation 
Time-lapse microscopy of temperature-sensitive strains in combination with nuclear 
and CAR markers has proven to be a useful way to show that Mto1 localisation to 
the equator is independent of the APC and the SIN. It will be important to extend 
these experiments to look at the localisation of !-tubulin to the eMTOC using the 
same system, to verify previous reports that the APC and SIN are necessary for 
eMTOC formation (Heitz et al., 2001; Pardo and Nurse, 2003) and also to Myp2. 
Ideally Mto1 and !-tubulin should be co-imaged within a single cell to demonstrate 
either that Mto1 is present at the CAR while !-tubulin is not or that both proteins co-
localise to the CAR when the SIN or APC is disrupted. To support these 
experiments, PAA formation in SIN and APC mutant cells should also be studied, 
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using spore germination of deletion strains for SIN mutants and either spore 
germination or time-lapse microscopy for APC mutants.  
 
As discussed in Chapter V, it is not clear why Mto1 is absent from the equator during 
nda3-arrest. Further work could look at Mto1 localisation earlier in the arrest, to see 
if it is present at the equator initially and then disassociates, and could also determine 
whether Myp2 is present at the CAR during nda3-KM311 arrest.   
 
It may also be informative to map post-translation modification of Mto1 and see how 
this changes at different cell cycle stages. One useful approach could be to compare 
post-translational modifications of Mto1 in wild-type strains compared to APC and 
SIN mutant strains. It would also be interesting to learn how Myp2 incorporation into 
the CAR is regulated and more generally how the precise order of CAR assembly is 
controlled.  
 
I have hypothesised that the Mto1-!-TuC interaction may be disrupted early in 
mitosis, accounting for the absence of astral microtubule nucleation at this time. As 
mentioned in Chapter V, electron microscopy could be used to determine if !-tubulin 
is absent from the cytoplasmic face of the SPB at this time. If so, further work could 
look at whether astral microtubules are present in temperature-sensitive cdc2 or 
cdc13 mutants, to confirm the model I present that the Mto1-!-TuC interaction is 





Until recently, relatively little was known about how the "-TuC was recruited to 
prospective MTOCs. The discovery of Mto1, the first protein identified as playing a 
direct role in recruiting the "-TuC to non-centrosomal MTOCs, put S. pombe at the 
forefront of research into MTOC formation. Here I have identified Myp2 as a protein 
that interacts with Mto1 in vivo to recruit Mto1 and so the "-TuC complex to the 
eMTOC. I have also sought to determine how Mto1 recruitment to the eMTOC is 
regulated, within the context of previous findings that eMTOC formation required 
the SIN and APC. I have shown that Mto1 localisation to the equator is independent 
of both the SIN and APC, ruling out the hypothesis that the SIN and/or APC act to 
regulate eMTOC formation by controlling the localisation of Mto1. A model of 
eMTOC formation based on my findings is shown in Figure 51. More work remains 
to be done to clarify the role of the SIN and APC in eMTOC formation. Learning 
more about the interactions between Myp2, Mto1 and "-TuC and how these 
interactions are regulated may generate insights into non-centrosomal $%OCs 
construction and regulation in higher eukaryotes. 
 
Figure 51  Current model of eMTOC formation 
Myp2 localises Mto1 and thus the !-TuC to the site of the 
eMTOC. Mto1 localisation is independent of the APC and SIN; 
!-tubulin localisation to the eMTOC is reported to require the 
APC and SIN, suggesting that the APC and SIN regulate the 
interaction between Mto1 and the !-TuC. 









Appendix 1 - Role of the PAA in maintaining CAR 
position in non-arrested cells 
 
Following on from the previous finding (Pardo and Nurse, 2003) that the PAA acts 
to maintain the CAR in a central position when cytokinesis is delayed, we asked 
whether the PAA is required to maintain the CAR in the middle of the cell in 
normally cycling cells.  
 
mto1" cells are known to have misplaced septa (Venkatram et al., 2004) indicating 
that the CAR is off-centre in these cells. However, mto1" cells lack all cytoplasmic 
nucleation and, in addition to lacking the PAA, also have defective interphase 
bundles. In S. pombe interphase microtubule bundles centre the nucleus (Tran et al., 
2001; Daga et al., 2006); nuclear position in turn establishes the position of the 
division site at the centre of the cell via the Mid1 protein (Paoletti and Chang, 2000; 
Daga and Chang, 2005). Mto1" cells have off-centred nuclei (Sawin et al., 2004) and 
therefore it can be expected that the CAR will in turn be mis-positioned, making it 
difficult to specifically evaluate the effect of the absent PAA. 
 
To assess the role of the PAA in maintaining the CAR at the centre of the cell, the 
CAR position was measured using the mto1-427 allele. mto1-427 contains mutations 
in the Mto1 localisation domain (R1056A, E1059A and E1061A), which affect 
localisation to the cell equator (I. Samejima, personal communication). mto1-427 
cells specifically lack the PAA, but have normal interphase and astral microtubules.  
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The ring component Rlc1-mCherry and the nuclear marker Uch2-mCherry were used 
to examine CAR position in binucleate cells (Figure 52). At this stage of the cell 
cycle wild-type cells have formed the PAA. Cells grown at 25°C were imaged and 
the position of the ring determined by measuring the distance from the CAR to each 
cell tip. These measurements were used to calculate a ratio of the smaller length over 
the total cell length i.e. a/ (a+b) where a<b. If the CAR is perfectly centred the ratio 
will be 0.5. Increasing deviation away from the centre will give a progressively 
smaller value.  
 
No significant difference was seen between the two strains: the graphs overlap for 
84% of the readings and shown negligible divergence for the remaining 16%. Thus 
the PAA is not required to maintain the CAR in the middle of the cell in normally 
cycling cells, as in cells lacking the PAA the CAR remains centred.  
 
Discussion 
The function of the PAA is not completely understood. Previous work suggests a role 
for the PAA in positioning the CAR at the centre of the cell when cytokinesis is 
interrupted (Pardo and Nurse, 2003). However no requirement for the PAA during 
normal cell division has been identified. Removing the PAA does not cause deviant 
positioning of the CAR in cells growing under standard laboratory conditions and 
mto1-427 cells grown on phloxin B media (to selectively stain dead cells) are no 
sicker than wild-type (K. Sawin, personal communication). Nor are any obvious 
Figure 52  CAR position is not altered by PAA absence  
Wide-field images of (A) wild-type rlc1-mCherry uch2-mCherry 
cells and (B) mto1-427 rlc1-mCherry uch2-mCherry cells. The 
mto1-427 rlc1-mCherry uch2-mCherry strain does not nucleate 
a PAA. (C) Measurements of CAR eccentricity for 50 
asynchronous wild-type and mto1-427 cells, in ascending order 
of the ratio a/(a+b) where a is the shorter distance from the CAR 
to the cell tip and b is the longer distance. CAR placement is 
indistinguishable from wild-type in 84% of mto1-427 cells and 





















 defects seen in the behaviour or morphology of either the mitotic spindle or 
interphase microtubule bundles when the PAA is absent.   
 
A ‘cytokinesis checkpoint’ has been identified in S. pombe. S. pombe strains with 
mutations in the cytokinetic machinery exhibit a prolonged G2 delay after failing to 
complete cytokinesis in the previous cell cycle (Nurse et al., 1976; Chang et al., 
1996; Balasubramanian et al., 1998; Le Goff et al., 1999; Liu et al., 1999; Liu et al., 
2000; Mishra et al., 2004). The Cdc14-family phosphatase Clp1 is required to block 
the nuclear cycle (Mishra et al., 2004). F-actin must also be present (Liu et al., 1999), 
indicating that the persistence of the CAR is important for maintaining the arrest. 
The SIN pathway is also necessary; the multi-nucleate phenotype seen in SIN mutant 
strains is epistatic to the G2 nuclear arrest (Le Goff et al., 1999; Liu et al., 2000).  By 
blocking entry into mitosis until cytokinesis is completed, the checkpoint is proposed 
to allow additional time for mild defects in the cytokinesis machinery to be repaired, 
while preventing the cell from accumulating multiple nuclei. The PAA has been 
shown to act during this time to maintain the position of the CAR. It may well be that 
the PAA has no role in standard cell division and is only required if the cytokinesis 
checkpoint is activated.  
 
How does the PAA centre the CAR during a delay in cytokinesis? CAR 
displacement requires membrane trafficking (Pardo and Nurse, 2003). Lipid rafts are 
established adjacent to the CAR late in anaphase (Wachtler et al., 2003). These 
sterol-rich membrane regions are found in many cell types and are thought to act as 
platforms to facilitate interactions within specific areas of the membrane, for 
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example for signal transduction (Simons and Ikonen, 1997). How lipid rafts are 
established and positioned within cell membranes is not known. However, 
microtubule structures in higher organisms, including the midbody in animal cells 
and the phragmoplast in plants (Otegui et al., 2005), are known to target membrane 
secretion to the site of cell division during cytokinesis (McCollum, 2005). Lipid rafts 
in S. pombe are hypothesised to be involved in maintaining and/or positioning the 
CAR (Wachtler et al., 2003). The PAA is not required to establish lipid rafts at the 
division site, as lipid rafts are present in cells without PAAs (Pardo and Nurse, 2003; 
Wachtler et al., 2003). However, the microtubules of the PAA could potentially 
traffic membrane vesicles to maintain the position of lipid raft. Any model 
explaining the mechanism for PAA maintenance of CAR position will need to 
explain why the CAR is only displaced in one direction and also why re-establishing 
the PAA does not re-centre the CAR once it is mis-positioned (Pardo and Nurse, 
2003). It will be interesting to see whether the CAR drifting seen during cps1-191 
arrest in cells treated with the microtubule-depolymerising drug carbendazim is also 
seen in cps1-191 mto1-427 cells that lack the PAA. Further understanding the 
function of the PAA in S. pombe may generate insights into the function of 
microtubules in cell division in other organisms.  
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Appendix 2 - Raising antibodies against Alp4 and 
Alp6 
 
Antibodies were raised to the "-TuSC components, Alp4 and Alp6. This work was 
undertaken as the first stage of a larger project that was later abandoned.  Production 
of the antibodies was continued, as these are of general value for the ongoing work 
of the laboratory. The amino and carboxyl termini of Alp4 and Alp6 were sub-cloned 
into GST-fusion vectors. These fusion proteins were expressed in E.coli, SDS-
PAGE-purified from purified inclusion bodies and used to immunise sheep. The 
antibodies produced were serum or blot-affinity purified before being used for 
western blotting (Samejima et al., 2008). 
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Appendix 3 - Pcp1 plasmid shuffle system 
 
Pcp1 anchors the "-TuC to the nuclear face of the SPB (Flory et al., 2002). We are 
interested in the hypothetical phenotype of a mto1" pcp1" double knock-out strain, 
specifically whether such cells will be completely deficient in microtubule nucleation 
or if other forms of microtubule nucleation (associated with chromatin or from 
soluble "-TuCs) will be uncovered. As Pcp1 is an essential gene it was decided to 
create temperature sensitive alleles of Pcp1 and select specifically for cells that show 
no nucleation from the nuclear face of the SPB.  
 
Plasmid shuffle is one method used to generate conditional mutations (Forsburg, 
2001). This system can be used to screen a library of mutagenised plasmids. As a 
prelude to the 'shuffle' a plasmid with a copy of an essential gene and a selectable 
marker is transformed into a diploid strain with one copy of the gene of interest 
already deleted. The cells are sporulated and subjected to selection to obtain haploids 
that lack a genomic copy of the gene, but remain viable because the deletion is 
'covered' by the plasmid copy of the gene. In the 'shuffle', a second plasmid is 
transformed into the 'covered' strain and the cells are plated onto media that both 
selects for the second plasmid while selecting against the first. By replica plating to 
plates containing Phloxin B that preferentially stains dead cells, and comparing 
colony growth at the permissive and restrictive temperatures it is possible to identify 
temperature-sensitive mutants for further investigation.  
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To generate the haploid pcp" strain KS2973 with the genomic deletion 'covered' by a 
plasmid-based copy of pcp1, pKS477 pUR19-pcp1 (selection: Ura+) was 
transformed into the diploid strain pcp1/pcp"::natMX6 and random spore analysis 




(i.e. had the plasmid covering 
the deletion of genomic pcp1). pKS480 pALKS-pcp1-GFP (selection: Leu+) was 
then transformed into this strain, plated onto plates containing 0.1% FOA (5-
fluorouracil-6-carboxylic acid), which were also selective for Leu+ colonies. 
Colonies formed on this plate were replica plated to confirm that they were Leu+ and 
Ura-, which in turn confirmed that the plasmid shuffle had been successful and the 
first plasmid had been lost. 
 
High transformation efficiency is needed to screen mutagenised libraries. 
Electroporation, the Bähler method of LiOAc transformation (Bahler et al., 1998b) 
and the 'Long' LiOAc transformation protocol (Okazaki et al., 1990) were trialled; all 
gave transformation efficiencies of ~ 2 x 10
4
 transformants/ µg DNA/ 10
8
 cells.  
 
We hypothesise that targeting mutagenesis to the CM1 region of Pcp1 will generate 
alleles that fail to bind the gamma-tubulin complex at the restrictive temperature, and 
consequently abolish microtubule nucleation. The Mutazyme II error-prone 
polymerase [Stratagene] was used to amplify megaprimers for the targeted 
mutagenesis. Primers were designed both to the amino-terminus and specifically to 
the CM1 region within the amino-terminus, generating products of 1Kb and 250bp 
respectively. These megaprimers were then used to prime a Quikchange reaction and 
amplify the pKS480 plasmid. This was expected to generate a library of plasmids 
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with mutations restricted to the amino-terminus of Pcp1, but the efficiency of the 
Quikchange reaction was poor.  
 
XL1-Red error-prone competent cells [Stratagene] were also used to complement the 
target mutagenesis approach. These cells are deficient in DNA repair pathways so 
plasmids cultured within them accumulate mutations; this means that mutations 
could be introduced anywhere in the pcp1 gene. pKS480 was transformed into XL1-
Red competent cells and the cells were cultured for times between 24 hours and one 
week, but preliminary results making an empirical measurement of the mutation rate 
from inactivation of the Leu+ marker suggested that the mutation rate was 
insufficient for my purpose and the experiment was put aside. Previous mutations 
generated in the Pcp1 homologue, SPC110 suggest that multiple mutations may be 
needed to produce a phenotype (Sundberg et al., 1996; Sundberg and Davis, 1997). 
 
Alternative methods of mutagenesis that could be used include introducing errors to 
PCR by altering the ratios of deoxynucleotides supplied/ adding a sub-optimal 
cation, or hydroxylamine mutagenesis. Unlike the previous methods used these have 
the disadvantage of being biased towards producing specific mutations. Any method 
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